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SbMMARY

An experimental investigatiun is in progress to determine whether
the 0.4 per uent by weight of sulfur allowed in JP-5 fuel is a safe level
for the protection of turbine-blade alloys used in high-performance
engines.

Specimens of a nickel-base alloy (Inconel 713C) and the alloy
with either an aluminum-diffusion coating (Misco MC-1) or an alumiaum-
chromium-diffusion coating (Mitco 4DC-9) were exposed to vitiated air
from the Phillip s 2-inch combuwtor (60 air-fuel ratio) at high pressure
(15 atmospheres), high velocity (745 ft/sec), and high temperature (2000 F)
with 5-hour sampling periods and test durations of up to 55-hours. Tests
were conducted at all combinations of three levels of sulfur in fuel
(<0.0040, 0.040 and 0.LAO weight per cent) with two levels of "sea salt"
in air (zero and 1.0 ppm). With one coating (Misco MDC-1), tists were
also conducted with 10.0 ppm "sea salt" in air and three levels of sulfur
in fuel (<0.0040, 0.40 and 4.0 weight per cent). The use of specimen
weight-loss as a measure of hot-corrosion attack was validated by metal-
lographic examination which showed the absence of deep intercrystalline
attack.

Exponential equations of weight-loss with time have been develop-
ed and statistically-significant effects nave been identified at a 95
per cent confidence level. In all comparisons the removal of "sea salt"
from air significantly decreased the relative rate of corrosion; thus,
indicdting sea salt to be a primary-causative agent of hot corrosLon.
The effect of sulfur in fuel varied with the superalloy coating and the
absence or presence of "sea salt". In the absence of Itsea salt" in air
a reduction of sulfur in fuel from the present limit to either 0.040 or
<0.0040 weight per cent decreased attack with one coated superalloy and
increased attack with the other. In the presence of 1.0 ppm "sea salt"
in air, a reduction in sulfur to 0.040 weight per cent had no significant
effect on attack; however, a reduction to <0.0040 weight per cent
significantly decreased the relative rate of attack for both coated
superalloys.
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EFFECT OF SULFUR IN JP-. FUEL ON MOT CORROSION OF COA.ED SUPERALLOYS

2L WIEFVIRON*(EIT

1. INTRODUCTION

The corrosion of hot-section parts in modern aircraft-turbine
engines is one of the factors that determines the time before overhaul.
With operation in a marine environment it becomes a major factor in
limiting engine life. Various terms have been used to idtntify this
accelerated attack on the superalloys from which hot-section parts are
fabricated. We favor thA term "hot corrosion," and will use it in
this report to indicate the attack by sea salt on superalloys at high
temperature.

Considerable metal loss can be sustained by hot-section
parts before failure because hot corrosion advances on a broad front.
The attack is led by penetration of randomly dispersed light-grey
globules of metalic sulfide. The formation of these sulfides is
associated witn changes, characterized by chromium depletion, in the
surface composit ;on of the alloy. Rapid oxidation of the we&kened
layer of the alloy follows. Because of the prominent band of preci-
pitated sulfides preceding surface oxidation, hot corrosion is fre-
quently identified as "sulfidation." This has focused attention on
the sulfur content of the fuel as being the principal causative agent
of hot corrosion. If so, hot corrosion cou.Ld be controlled by fueli
specification. W re restrictive limitations on the amount of sulfur
allowed in aviation-turbine fuel. have been proposed for this purpose,
particularly fo, naval op4ra.Ions.

Most specifications for aviation-turbine fuel a!ll a suLfur
content of U.-4t weight per cent. A significant reduction in the
sulfur limit would certainly decrease the amount of availaLl fuel.
Also, a more restrictive 3pecification carries with it the potential
of higher cost, and a modest increa&• can amount to a substantial oum
because of the large volum involved. Therefore, pzroposals to lower
the sulfur content o1 aviation-turbine fuel must be approached with
caution.

-1- i
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Many investigators feel that deposition of sodium sulfatLe
on the metal surfact is a normal precursor to hot corrosion. Some
have reasoned that soditm from sea salt and sulfur from fuel combine
to form the cbjectionable sodium sulfate. However, compounds other
than sodium chloride are present in sea salt. Sea salt contains 11
per cent by weight of sodium sulfate. Control of hot corrosion by
redicing sulfur in fuel to remove one of the critical ingredients
from the salt-sulfur combination ignores the sulfur in sea salt.

For clarification, the Naval Air System Conmand has supported
our work to determine whether the maximum sulfur content of 0.40
weight per cent, currently allowed in grade JP-5 aviation-turbine
fuel, is a safe level for protection of turbine alloys in high perfcnn--
ance engines when operated in a marine environment.

In previous studies, reported in detail by Schirmer and Quigg
(1), we attempted to simulate the environment in the turbine section of
an aircraft engine with respect to temperature, velocity, pressure, and
stoichiornetry by use of a high-pressure test facility, originally
developed for evaluating the combustion characteristics of aviation-
turbine fuels. The test programs includod the effect of three levels
of sulfur in fuel on hot corrosion of six superalloys, one of which
was aluminum coated, at five levels of temperature and three levels of
"sea salt" in air. The five hours of test duration used was sufficient
for extensive co 'rosion of all of the uncoated superalloys under somes
conditions. it was concluded that an order-of-magnitude reduction (0.40
to 0.040 weight per cent) in sulfur content would not decrease hot
corrosion, and r; changg in fuel specification was indicated. The
alumiinum-diffu -on coating (Misco MDC-l) on Incone! 713C resulted in
a material immune to attack under the conditions of exposure used dur-
ing this investigation; therefore, no measure of the effect of sulfur
in fuel on the hot corrosion of a coated superalloy was obtained.

Coating of superalloys is one method which has been demon-
strated to reduce attack by sea salt. To measure the effect of sulfur
in fuel on hot corrosion and the extent of protection afforded by a
coating, an exploratory "life" test (2) was undertaken with Misco MDC-I
coated Inconel 713C. The test duration was extended to obtain extensive
corrosion at the 2000 F test condition with 10.0 ppm "sea salt" in air.
Two tests were included in the investigation; one test with the opeci-
fic&tion-maximum concentration of C.40 weight per cent sulfur in fuel,
and the other with an essentially sulfur-free fuel (<0.0040 weight
per cent). It was found that deterioration of the coating had progress-
ed sufficiently in 10 to 20 hours of exposure to evidence catastrophic
rates of corrosion. With the rapid rate of attack, the data were rather
badly scattered; but, there was evidence that sulfur in the fuel in-
hibited hot cor-osion at this relatively severe condition.

-2-
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The purpose of our current investigation is to examine in
greater detail the effect of sulfur in fuel on the hot corrosion of
coatec' superalloys in a marine envirorment. Three levels of sulfur in
fuel 0.0010, O.C40, and 0.40 weight per cent) and two levels of
"sea salt" in air (zero and 1.0 ppm) are included in the program, with
exposure at the 2000 F test condition used in previous studies. In
addition, tests were conducted with 10.0 ppm "sea salt" in air, at
three levels of sulfur in fuel (< 0.0040, 0.40, and 4.0 weight per
cent), with one of the coated superalloys. Test duration has been
extended up to 55-hours, with removal of test specimens at 5-hour
intervals to obtain a series of specimens for each combination of
sulfur in fuel anu "sea salt" in air.

A concentration of 1.0 ppm "sea salt" in air, which is real-
istic for many naval-aircraft operations, was selected for the major
portion of the program to sim,'irate a marine environment. It was hoped
that a decrease in experimental error would accompany the reduction in
severity of attack from the catastrophic levels experienced with a
concentration of 1C ppm during the exploratory program.

Work has been completed showing the effect of sulfur in fuel
on the hot corrosion of one superalloy (Inconel 7130) and two different
coating-alloy systems (Misco MDC-l and Misco MDC-9 on Inconel 713C).
Inconel 7130 is a hickei-base alloy. Misco MDC-I is an aluminum-
diffusion coating containing non-metallic dispersions, and Misco MDC-9
is a composite coating rich in aluminum and chromium. An analysis of
these data is presented in this report.

-3-
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2. CONCLUSIONS

Eneriments have been conduct-d, using a high-pressure burner
rig, to evaii-te the effect of sulfur in JP fuel on the hot corrosion
of coated turbine-blade materials. The durability of two diffusion-
type coatings, differing in composition, have been investigated at a
2000 F test condition, -.which simulates exposure in a high-performance
engine when operated in a marine environment. Also, for reference
purposes, data have been obtained in the absence of "sea salt", and
with the uncoated superalloy.

The use of weight loss by test specimens as a measure of
hot-corrosion attack was validated by metallographic examination, which
showed corrosion advancing on a broad front without deep intercrystalline
penetration. Electro-cleaning in a hot-caustic bath was used to remove
accumulated metal-oxidation products and sea-salt residues from Misco
NDC-l coated Inconel 713C specimens, and also from the uncoated super-
alloy; however, it was found to be too severe for the Misco MDC-9 coated
inconel 713C specimens, and they were sonically-cleaned in a water bath.

Exponential equations of weight loss with time were developed
which permit evaluating the effects of three levels of sulfur in fuel
(< 0.0040, 0.040, and 0.40 weight per cent) and two levels of "sea salt"
in air (zero and 1.0 ppm). For one of the coating-alloy systems the
effect of "sea salt" was extended to a third level (10 ppm). The follow-
ing conclusions can be drawn at a 95 per cent confidence level.

A. In all comparisons, a reduction in the concentration of "sea
salt" in air, or its removal from the air, significantly
decreased the relative rate of corrosion; thus, indicating
sea salt to be a primary-causative agent in the hot corrosion
of both coated and bare superalloys in a marine environment.

B. In the absence of "sea salt" in air, a reduction of sulfur
in fuel from 0.40 to either 0.040 or <0.0040 weight per cent:

(a) significantly decreased the relative rate of corrosion
on Misco MDC-l coated Inconel 713C,

(b) had no significant effect on the relative rate of
corrosion for Misco MDC-9 coated Inconel 713C, but
sigr.ificantly increased the level of attack on this
coated superalloy, and

(c) had no significant effect on the relative rate of
corrosion for uncoated Inconel 713C.

While statistically significant differences in the relative
rates of corrosion were detected, the levels of attackc were
very low and may not be of practical significance.

-5-
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C. In the presence of 1.0 ppm "sea salt" in air, a reduction ofI sulfur in fuel from 0.40 to 0.040 weight per cent:

(a) had no sigrificant effect on the relative rate of
corrosion for either Misco MDC-I or MDC-9 coated
Inconel 7130, and

S(b) had no significant effect on the relative rate of
corrosion for uncoated Inconel 713C, but significantly
decreased the level of attack on this uncoated superalloy.

However, a further reduction of sulfur in fuel from 0.40 to
<0.0040 weight per cent significantly decreased the relative
rate of corrosion on both Misco NDC-I and MDC-9 coated Inconel
713C, as well as on the uncoated superalloy.

-6t)-
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3. RECO14ENDATIONS

The pr-imary objective of this investigation is to determine
whether the 0.4 weight per cent sulfur currently allowed in grade JP-5
fuel is a safe le-vel for the protection of turbine blades in aircraft
engines of advanced design.

Programs have been completed which allowed an evaluation of
the effect of sulfur concentrat.on in fuel on the durability of bare
superalloys (1). It was concluded that a reduction in sulfur content
by an order of magnitude, to 0.04 %,eight per cent., would not reduce
hot corrosion signiftcantly. Therefore, it uas recommended that no
change in the sulftr limit for JP-5 be made to alleviate hot-corrosion
attack on turbine blades.

That recommendation was tempered by another Lc extend this
investigation to evaluate the effect of fuel sulfur on the protection
afforded by coatings. Those data were sought because superalloys hav-
ing the most desirable physical properties are more susceptible to hot
corrosion and require coatings for satisfactory durability.

Programs have been completed which allow an evaluation of
the effect of sulfur concentration in fue± on the durability of coated
superalloys. Our analysis of the data from these programs shows one
case where a reduction of sulfur in fuel from the present 2imit to
0.04 weight per cent significantly decreased hot corrosion, and another
case where the attack was significantly increased. This indicates that
our previous recommendation based upon a study of bare superalloys,
can be extended to coated superalloys.

It is emphasized that additional dt are required with other
coating-superalloy systems and other exposure temperatures before making
a final recommendatioa.

-7-
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4. RESULTS AND DISCUSSION

This experirmental investigation was designed to permit
compariaons showing the effect of sulfur concentrat`iu in JP-5 fuel
on the hot cor'r-biun of coated, up.r.y. i.n a marine environment.
To characterize the principal levels of interest, data were obtained
with three concentrations of sulfur in the fuel ().4O, 0.040, and
< 0.000 weight per cent), representing specification maximum, produc-
tion median, and essentially sulfur-free fuels. A marine environment
was simulated by the addition of "sea salt" to the air (1.0 ppm).
Two diffusi'ln-type rOatings were ueed in +his investigation: one rich
in aluminum (Misco MDC-i) and the other rich in i and_ nromium
(Misco MDC-9), both applied to the same nickel-base alloy (Inconel
713C). Also, for reference purposes, data were obtained in the absence
of "sea salt", and with the uncoated superalloy.

In previous studies (1) aluminum-coated specimens (MI.sco
MDC-l on Inconel 713C) were immune to attack under all combinations of
temperature, sulfur in fuel, and "sea salt" in air with the standard
5-hour test duration. The present experiments were designed to stress
the coating to failure by extending test duration and, thereby, permit
evaluating the effect of sulfur in fuel on the durability of coated
superalloys. Using a 1-hour cyclic procedure, test specimens were
removed, with replacement, at 5-hour intervals to obtain a series of
specimens with exposures of up to 55 hours duration.

To simulate the environment in the turbine section of an
aircraft engine, a cascade holder bippofting six test Gpocimene 1w•-s
mounted in thb exhaust section of Phillips 2-inch combustor. The
facility was operated to obtain +h- +_ + specimens at high
pressure (15 atmospheres), high temperature (2000 F), high velocity
(745 feet per second), and realistic stochiometr-y (60 air-fuel ratio).

Further details concerning the test equipment, test mat~riaiz.
and test programs are presented in Appendices 2, 3, and 4, respectively,
"which are Sections 9,. IU, and 11 of this repoit.

There is no generally-accepted criterion at the present time
for determining the effective life of a coating on a superailoy. Eval-
uations have been based on weight loss by specimens, visual appearance
of 6peciimfens, and combinatlions of both.

In a previous izivestigation (3) an equation was developed
for calculating the depth of penetration of attack from weight loss,
ass,,mng a uniform depth of penetration oIL all surfaces. From this
equ,_ation the weight loss for a unifox.n lofs o0 .(102 inches (the
thickness of the coating) from all surfaces of th p nLpcimen wad cal-
culated to be 790 mg, or 39 mJcm2 . While hot corrosion characteris-
tically advanices on a bread front, the attack is usually somewhat
localized on the surface; thus, the coating would probably be penetra-
ted before all of it is removed, and a value of 39 mg/cm2 would t' high.

o _
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Whitfield and Parzuchowski (4) established a weight los5
of 0,i00 grams as the criteria for .filu-e f coated specimens. Using
dimensions of the corrosion bars given by Daek (5), the surface area
of their specimens is calculated to be 20.00 cm2 . From these figures
we calculate the criteria for failure of the coating to be 5.0 mg/cm2 .

Visual exam inati•n of test specimens from our programs in-
dicate that coatings have been penetrated on specimens showing "Light
Surface Attack: or "Light Edge Attack", based on a visual-rating scale
which wil-l1 be de3cribed later. A weight loss of 5 mg/cm2 falls in the
range of weight losses obtained for visual ratings of "Light" and would
represent a reasonable criteria for coating failure.

In this report test specimens will be examined with respect
to both weight loss and visual attack to evaluate the effect of sulfur
in fuel and "sea salt" in air on hot corrosion.

4.1. Visual Ratings

The condition of Misco MDC-l coated Inconel 713C specimens
following extended exposure at the 2000 F test condition, both with
and without "sea salt" in air, is shown in Figure 1. These photo-
graphs were taken with the specimens still mounted in the ca.scade
holder to show the und!sturbed accumulation of deposits. Typical.ly,
the specimens are quite clean in the absence of "sea sali"; however,
with ingestion of "sea salt", the attack is accelerated and considerable
accumulation of deposits was observed. These deposits tend to flake-
off the test specimens during cooling to room *.emperature, which in-
dicates a significant differenre in their coefficients of expansion.
AnalyzIs of deposits accumtlI&ced at the 2000 F condition in the presence
of 10.0 ppm "sea salt" in air are presented in Table 1, and show them
to be metal oxide corrosion products with little evidence of "sea salt"
residue or reaction products. Following removal from the cascade holder,
specimens were cleanea in preparation for measurement of the extent
of attack.

Visual ratings of each Misco MDC-1 coated inccnel 713C test
specimen are shown in Tables 10 to 12 of Appendix 1, and for the Misco
MDC-9 coated Inconel 713C specimens in Tables 13 and 14 of Appendix 1.
The system used in obtaining these ratings was mwVl cnnod frnm An
examination of the coated specimens from LhIse pro Z.rz-, 1 nd is shown
in Table 2. The photographic standards used for rating surface and
edge attack of the specimens are shown in Figures 2 and 3.

- io -
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EXPOSURE FUEL SEA SALT
TIME, SULFUR, IN AIR.

HR 9 PPM

5~5 e,0 .0040

NONE

55 0.40

1 .0

JE40 0.40

'5

.*\ %l-\GNI4FICATICN~OF kil;C0 MDC-I COATED
INC )N' 71 ACS z 'CIM E-N' rI; - Il MOUNTE D IN

L)I R AFI! R I \POSURI IN P~HIL I WFS, RIG

FIGURE IACCUMU1-LATION OF DEPOSITS ON 'SPECIMIENS AT 2000 F TEST CONDITIO,'i
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TABLE 1

ANALTSIS OF SCALE COMPOSITION (a)

Gm~eral Compositinmb) Fur, 3_ %(c)

NiO(Bunsenit.q) Major Component
Ni(AlCr) 2 04 (d) Minor Component
Na2SO4  ND

eioment (e)

S D
K D
C1 ND

Limit of Limit of
Detection, Detection, Found

Element (f) _wt_ Element (f Dete % wt(cn

Ni 0.1 > 10 Sn 0.1 0.01-0.1
Cr 0.01 > 1 Cu O.C1 0.01-0.1
Al 0.01 > 1 Zr 0.01 0.01-0.1
Mo 0.1 > 1 Sr 0.1 0.01-0.1
Mg 0.001 > 1 Ba O.0l ND
Na 0.1 > 1 B 0.001 ND
Ca 0.01 0.3-3.0 P 1.00 ND
Co 0.1 0.1-1.0 Pb O.C1 ND
Ti 0.01 0.1-1.0 Cd 0.1 ND
Fe 0.01 0.1-1.0 Zn 0.1 ND
Mn 0.001 0.01-0.1 V 0.1 ND
S1 0.01 0.01-0.1 1.i 0.1 ND

Notes:

(•) Deposits scrapei from surface of four test epecimens of Misco KDC-I
coated Inconel 713C alloy after 3xposure for 1.5 hours at 2000 F test
condition with 10 ppm "sea salt" in air and 0.4 wt % sulfur in fuel.
Oe.osit flaked-off during cctlu'., b ý- .s evident in some areas to
a d'nth tf ah-,1 '/16 inch.

NN X '.-y Diffraction Analysis.

(c) Zoncentrations will be placed in proper range at least 90% of time.
ND means the concentration is less than the limit of zietection.
D means detected but concentraticn wis not determined.
> means greater than.

(d) Estimated from similarity of pattern to Fs(AICr) 204 .

(e) X-Ray Flourescence Analysis. (f) .%iasion Spectro•!raph Analysis.
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TABLE 2

SYSTEM FOR VISUAL RATING OF ATTACK ON! COATED TMST SPECI)04S

Rating Rating
Code 'Jalue Severity of Attack

N 10 None
VL 8 Very Light

L 6 Light
M 4 Medium
H 2 Heavy.

Natuire of Attack

S Surface
E Edge

Condition of Specimen

C Surfacs Crackts

Example:

iLS - Very Light Surface Attack

- 13 -
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VERY LIGHT

LIGHT

MEDIUM

HEAVY

FIGURE 2
ST44NDARDS FOR VISUAL RATING OF SURFACE ATTACK

ON COATED SPECIMENS (2X)
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VERY LIGHT

LIGHT

MEDIUM

HEAVY

FIGURE 3

STANDARDS FOR V!SUAL RATING OF EDGE ATTACK

ON COATED SPECIMENS (2X)
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Arbitrary merit ratings were assigned to the visual ratings.
which are shown in Table 2. Using these, plots of logarithms of visual
ratings vs logarithms of the weight losses per unit area were made
for Misco MC-1 coated Inconel 713C and Misco MDC-9 uoated Inconel 713C
specimens, and are shown in Figures 4 and 5. As oxpected, visual ratilngs
decrease as weight loss increases.

To further illustrate the effect of the exposure variables
in this investigation on appearance, photomacrographs (2X) of repre-
sentative Misco MDC-1 coated inconel 713C test specimens are shown in
Figures 6 and 7; Misco MDC-9 coated Incoziel 713C in Figure 8, and un-
coated Inconel 713C in Figure 9. By comparison of the extent of attack
evident for similar exposures in Figures 6, 8, and 9, it is obvious
that the coatings protect the superalloy from hot corrosion. Increased
attack on both coated and bare specimens is evident in the presence of
1.0 ppm "sea salt", o'ver tbat in the absence of "sea salt". in the
presence of 1.0 ppm "sea salt" a reduction in the concentration of
sulfur in fuel decreased attack; however, in the presence of 10.0 ppm
"sea salt" a reduction in the concentraticn of sulfur in fuel increased
attack.

The visual rating is a subjective value, while weight loss
is a physical measurement that should be Lssociated with a smaller
error. Also, the visual rating groups the data at only five levels,
with the proposed system shown in Table 2, while the use of weight loss
does not require the groupilg of data. For these reasons, and in the
light of metallographic examinations which established the mode of
attack and will be discussed later, it was decided that weicht loss
measurements would be used in evaluating the effects of sulfur in fuel
and "sea salt" in air on hot corrosion.

During the visual rating of the Misco MDC-9 coated Inconel
(13C specimens it was noted that they had a tendency to develop visible
surface cz-acks as the re3ult cf exposure to hot, gases. S, l~ ar cracks
were not observed with the Misco MDC-1 coated inconel 71iC specimens,
nor in an exploratory pzogram with Misco MDC-9 coated Inconel 713C
specimens. The cracks usually developed on the leading edge of the
specimens, and became more evidenrt with increasing, exposure time.
This is illustrated it, Figure IC by the set of specimens accumulatet.
from the test with the medium-sulfur fuel. The accelerated rate of
corrosion which accompanied the adaliti.on of "sea 5aIt" to this envircoi-
ment appeared to have little affect on the ozcurance and ievelorzent oX'
cracks, as iilustrated in Figure 1i ty the set -.f cecmers a.cunulateJ
at otrierwsie comparable corditiorls of expoýsure.

- 16 -
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SULFUR SEA SALýT

IN FUEL, IN AIR,

0.40 1.0

0.040 1.0

(0.0040 1 .0

0 .40 NONE

0.040 NONE

(.0.004 0 NONE

XMA\GNIFICATIOJN AFTER E-E CTROD-CL EANING,

FIGURE 6
NIISCO MDC ! COATED INCON'-L 713C SPECIMENS

AFTER 27, HOURS AT 200t) F TEST CONDITION
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SULFUR EXPOSURE
IN FUEL., TIME,

WT% HP

4.0 13

0.40 15

A 4.010

0.40 10

MAGNIF- VAT'ON AFTERF ELLCTRO -CL F-ANING

FIGU;RE 7
%IISCO Nfl)C I COATED INCONEL 713C SPECIMENS FROM

V TEST CONDITION WITH 10 PPM SEA SALT IN AIR
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THIS ONE SPECIMEN WAS

ELECTRO-CLEANED TO SHOW-,SUFR EAAL
DEPOSIT-FREE SURFACE IN FUEL, IN AIR,

WT%1 PPM

0.40 1.0

0.40 NONE

ik0.040 NONE

'N MAGNIFICATION AFTER SONIC -CE\NI1NG

FIGURE 8
MISCO MDC-9 COATED INCONEL 713C SPCCIMENS

AFTER 25 HOURS AT 2000 F TEST CONDITION
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SULFUR SEA SALT

IN FUEL, IN Ain,

W~T%9 PPM

0.40 1.0

0.040 1.0

(0.0040 1.0

lis,- 0.40NONE

0.) NONE

;e0 .00-40 NONE

I,-~ AT [,N AfT Rl j. -. C, A 1,1G

FIGURE 9

'3C "- -:FG MN S F ZHOURS

AT 2' 1Fl TESTI C-ONDITION
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EXPOSURE

TIME, HR

55

50

45

40

35

30

25

20

10

2X %lAG'NIFICA-.AfN OF SONICALLY CLEANIEC, T
ES-T 5pEC IjENS

AFTER EXPOSURE IN PHILLIPS R'G AT 2000 F !EST CONDI- ION
WITH NO SEA SALT IN AiR ANID 0.040 W-, 4 SJ;LFUR ;N F

FIGURE 10
CrEVEL-O.3NIENT Or- C-RACKS IN LEADING EDGE

OF MISCO MCC-) COATE~ :NCONEL 7!3C SPECINIENS
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EXPOSURE

TIME, HR

35

30

25

20

ZX MA1GNIFICATION. OF SONIrAllY v rt ANED TEST SPECIMENS

AFTER EXPOSURE IN. PHILLIPS RIG AT 2000 F TEST CONDITION

WITH I PPMl SEA SALT IN AIR AND 0.040 WT 46 SULFUR IN FUEL

FIGURE I I

HOT CORROSION AND CRACKS IN LEADING EDCE
Or MISCO MDC-9 COATED INCONEL 713C SPECIMENS
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The presence of cracks, observed without magnification, are
noted in Teýhles 13 and 14 of Appendix 1 as part of the visual rating
of epecimens. These ratings are of the condition of the specimens at
the time of their removal from test, which may not indicate the earliest
time at which a specific specimen was cracked. While these ratings
are inadequate for statistical analysis, an attempt has been made in
Table 3 to show the effect of s•Ifur in fuel and "sea salt" in air on
the extent of specimen cracking. This was done by listing the cumu-
lative n-iber of specimenA remov'ed from test at each time perioa in
the test, along with th,- cumulative n0irber of specimens that were
cracked, and calculating the cumulative percentage cracked for the
six combinations of sulfur iii fuel and "sea salt" in air. It appears
that the presence of 1.0 ppm "Sea salt" in air increases the tendency
of the specimens to crack, and increasing amounts of sulfu- in the fuel
tends to decrease the percentage of the specimens that are cracked.

4.2. Weijht-kss Data

In previous studies (1) 4 weight loss from hot corrosion,
an estimate of the variance was found to be a percentage of the vdlue,
and logarithms of weight loss per unit area were un-ed to provide a
basis of uniform variance. The standard deviation of the weight-lo3s
data in terms of Jogarithms (1) was 0.283, wh'ch is equivalent to a
percentage standard deviation of 94 per cent. This information will
aid in the evaluation of cata from the current program.

Ln evaluating oxidation with time, many fc-ms of equations
have been proposed and usec in the litera'Iire to ex, 'esr the relation-
ship. These forms include li-near, cubi2, parabolic, ana exponential
equations depending upon the system being investioat,;d. Piets of the
data from the current inveýtigation were made using 1inea: coordinates
and an exampl2 is shown in the lower portion of Figure 12 for Misco
MDC-1 coated Inzou.e' 713C exposed to (.'A40 weight per cent sTLIfur tn

fuel and _.C ppm. "sea salt" in air. The line ij a visual fit of the
data. The shape of the carve suggests th% use of the exponential growt.
curve which is co:ornly used in the form.

where 'i is weight loss fier unit area, X is ex!xosure tioe, and A anj b
are constantb to be mvai.;atei. Applying logzrit.=7s to the e4;uatcn,,,

log W log A , (log 9) X (z)

or "a LX, (a)

where T log W, a log A, ar - ioe 13. Equticn i i5 the equation
"..ra straight line. The data in the upper portion of Fig:.%:- '2 wer"
fit using this fors of equation and Lhe calculated line i3 snhwn.
The use of this form of equation permits the- use of !ogarith= of wei bht

- 25 -
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SUJWARY OF CRACKS IN NISCO KDC-9 COATED INCONEL 713C TEST SPECIMENS

Total
Exposure Cumulative Totals
Time, Zero Sea Salt in Air 1.0 PDm Sea Salt in Air
Hours Specimens Cracked a Cracked Specimens Cracked % Cracked

K0.0040 wt % Sulfur in Fuel

5 1 0 0 1 0 0
10 2 0 0 2 1 50.0
15 3 0 0 3 2 66.7
20 4 1 25.0 5 3 60.0
25 5 2 40.0 7 5 71.4
30 6 2 33.3 8 6 75.0
35 7 3 42.8 9 7 778-
4O 8 4 50.0 10 8 80.0
4r 9 5 55.6 Il 9 81.8
50 10 6 60.0 - - -
55 11 7 63.6 - - -

0.040 wt % Sulfur in Fuel

5 1 0 0 1 1 100.0
10 2 0 0 3 2 66.7
15 3 0 0 5 3 60.0
20 4 0 0 7 4 57.1
25 5 1 20.0 9 6 66.7
30 6 2 33.3 10 7 70.0
35 7 3 42-.9 11 8 72.7
40 8 4 50.0 - - -
45 9 5 55.6 - -
50 10 6 60.0 - -

55 11 7 63.6 - -

0.40 wt. % Sulfur in Fuel

5 1 0 0 1 0 0
10 2 1 50.0 2 0 0
15 3 1 33.3 3 1 33.3
20 4 1 25.0 5 2 40.0
25 5 1 20.0 7 2 28.6
30 6 2 33.3 8 2 25.0
35 7 3 42.9 9 3 33.3
40 8 3 37.5 10 4 40.0
45 9 3 33.3 11 5 45.4
50 10 3 30.0 - - -
55 11 3 27.3 - - -

- 26-
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2.4

MISCO MDC-1 COATED INCONEL 713C.

2.2 2000 F TEST CONDITION,
1 .0 PPM SEA SALT IN AIR,
0.040 WTo. FUR IN FUEL.

2.0

240

S220

U 1.6I

LL 4200
0I

1.4

I- 
180

1,.2
.J

0 1.0

140

00

0.62

loo

0.4

0 
so

0.2 iG

40

20

8 1

0 10 20 30 ,40 5

TEST DU.ATION, HOURS

FIGURE 12
CURVE FITTING TO HOT CORROSION DATA
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loss, which was shown previously to give uniform variance. Data that
can be fit by Equation 3 shows that the logarithm of weight-loss in-
creases at a uniform rate over the time-period studied. The slope,
b, of Equation 3 is measured in terms ofAlogarithms per Ahours, or
the ratio of .eight losses per hour Lmg/cm2)/(mg/cm2)/hour or (mg/cm2 )/
hour/(Mg/cm2 )I . Thus, b, is the relative rate of corrosion with units
of reciprocaf hours.

The data for each combination of sulfur in fuel and "sea
salt" in air for the superalloy and the two coating-alloy systems shown
in Tables 10 to 16 of Appendix 1 were fit to equations of the form of
Equation 3. The constants, b, for the three equations with zero or 1.0
ppm "sea salt" describing the superalloy and the two coating-alloy
systems, were compared by statistical 4t" tests for significant differences
at a 95 per cent confidence level. Where data for two or more levels
of sulfur in fuel showed no statistically significant difference in tile
relative corrosion rates, at a given level of "sea salt" in air, the
data were combined by fitting a single equation. In combining the data
a sulfur term was included in the equation and the sulfur term was
tested for statistical significance. if the sulfur term was not sig-
nificant it was deleted and the equation was recalculated. The final
equations which were calculated to represent the data are shown in
Table 4. The data are also shown graphically in Figures 13 to 19, and
the lines on the figures were calculated from the equations. Varia-
bility for the separate equations differ in magnitude, with eight of
the equations having a S.E.E. of less than the standard deviation of
0.288 found in Reference 1, and five of the equations having a S.E.E.
larger than the previous standard deviation. The size of the S.E.E.
for most of the equations indicate that the variability remaining after
removal of the effect of time is essentially the same as in the previous
5-hour tests on a variety of superalloys. With the small range of hours
of exposure and the larger S.E.E. for the three equations for hot corrosion
in the presence of 10.0 ppm "sea salt" in air, statistical comparisons
are of doubtful value.

The equations for hot corrosion with time of exposure were
calculated to establish statistically significant differences ar.ong
concentrations of sulfur in fuel. The effect of sulfur in fuel on
hot corrosion, with the level of "sea salt" in air and the test bpeciren
material fixed, can be obtained from the equations.

Comparsons of the effect )f sulfur in fuel on hot corrosion
of Misco MDC-l coated Inconel 713C can be made with zero and 1.0 ppm
"sea salt" in ai.. Comparisons in the presence of 10.0 pprit ". ait"

in air will not be made because they are of doubtful value. In the
absence of "sea salt!I in air, a reduction in sulfur concentration,
from the specification maximum of 0.40 weight per cent for JP-5 fuel
to either 0.40 or <0.0040 weight per cent snltfur, significantly decreas-
ed the relative rate of corrosion; however, this may not be of practical
significance because of the very low level of attack. In the presence
of 1.0 ppm "sea salt" in air, a reduction in sulfur concentration frcm

- 28 -
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TABLE 4

REGRESSION EQUATIONS FOR WEIGHT-LOSS VS TIME

Sulfur Sea Salt
in Fuel, in Air, S.E.E. % S.E.E.

iwt R PM Regression Equations (a) (bj (c)

(Misco MDC-I Coated Inconel 713C)

C)..O040 0.01 Y - .2,-,7821 + 0.003211451 X 0.1475 i.7
0.040 0.00321045175

0.40 0.0 Y 0.02214815 + 0.01390193 X 0.153822 42.5

< 0.0040 1.0 Y 0.1883316 + 0.02158372 X 0.296952 98.2
0.040 1.01
0.40 1.0j Y = 0.1377441 + 0.0507;006 X 0.261855 82.8

<0.0040 10.0 Y = 0.08116969 + 0.14321.8 X 0.404076 154
0.40 10., Y =-0.4523064 t 0.1520832 X 0.342303 119
4.0 10.0 Y = 0.OOLO024 4 0.08262738 X 0.398695 151

(Misco MDC-9 Coated Inconel 71.3)
< 0.0040 0.0
0.040 0.0 Y = -0.09654819 - 0.7288955 S 0.154956 42.9

n,). n -* -_j V .J.J 4 4 7-,.)A

<0.0040 1.0 Y = -0.1946977 + 0.02867117 X 0.212553 63.2
0.040 1.0?,
0.40 10J Y = -0.4717499 + 0.06061021 X 0.344121 121

(Inconel 7130)

< 0.0040 o.o0
0.040 O.O Y = 0.8198599 + 0.02159729 X 0.153549 a2.4
0.40 O.oJ

<0.0040 1.0 Y = 1.167399 4 0.029i1474 X n.l n19-0r •7 -0

0.040 1.0)
0.40 1.0 Y = 1.012591 4 0.9C0433 5 0.138587 37.6

+ 0.048222 X

(a) Y = a + cS + bX 2r Y = a 4 bX, where Y = logarithm of weight loss per
unit area (mg/cm ), S = weight pe- cent sulfur in fuel, and X = test
duration, hours.

(b) Standard *r-ror of Estimate in terms of logarithms.

(c) Standard Error of Estimate in terms of percentage of the value.
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50

•Ii.- 0.AO Wr 9 SULFUR 2000 F TEST CONDITION

- 0O.0040 AND 0.040 WT SULFUR IN FUEL, WT 9

20 L i SULFUR Oo. 0oo0o
,A 0. 040

0 0.40
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00

w05.0 0

2.- 00

1.0f

o.s , 1__ __ _ _ 1 I I I__.._
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TEST DURATION, HOURS

FIGURE 13

HOT CORROSION OF MISCO MDC-I COATED INCONEL 713C WITH ZERO SEA SALT
IN AIR
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S~500

2000 F TEST CONDITION.

SULFUR IN FUEL, WT X
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00.0

200 /

-/

100 0// A0
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10 1 030s
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TEST DURATION, HOURS

FIGURE 14

HOT CORROSION OF MISCO MDC-I COATED INCONEL 713C WITH 1.0 PPM

SEA SALT IN AIR
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1 0 2000 F TEST CONDITION.SULFUR IN FUE:L, W'T9"
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FIGURE 15

HOT CORRSSION OF MISCO MDC-l COATED INCONEL 713C WITH 10.0 FPPM

SEA SALT IN AIR
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i 2000 F TEST CONDITION
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FIGURE 16

HOT CORROSION OF MISCO MDc-9 COATEID INICCNEL 713C WITH ZERO SE-A SALT

IN AIR
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FIGURE 18
HOT COR•ROSION OF- INCONEL 7!13C W!TH ZERO SEA SALT IN A~IR
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HOT CORROSION OF INCONEL 713C WITH 1.0 PPM SEA SALT IN -'IR
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the specification maximum of 0.40 to 0.04C weight per cent does not
significantl- change the relative corrosion rate; however, a reduction
from 0.40 to <O.C- ,0 weight per cent decreases the relat t ve rate of
corrosion signifi cantiy.

In comparisons of the effect of sulfur on hot corrosion of
Kisco MDC-9 coated Inconel 713C in the absence of "sea salt" in air.
a single equation indicates that there are no significant differences
in the relativ5 rates of corrobion for the three concentration! of
sulfur in the fuel. A sulfur term in the equation indi..atec a sig-
nificant effect of fuel sulfur on the level of attack. Further test-
ing shows that there is no statistically significant difference in
the level of attack with <0.0040 or 0.040 weight per cent sulir in
fuel, but that it is less with 0.40 weight per cent sulfur. Thus,
a reduction in su-fur concentration from the specification maximum of
0.40 to either 0.040 or<0.0040 %eight per cent sulfur significantly
increases hot corrosi.on; however, the differences may not be of prac-
tical significance because of the low level of att.-.ck. In the presence
of 1.0 ppm "sea salt" in air, a single equation was obtained for Misco
MDC-9 coated Inconel 713C with 0.40 and 0.040 weight per cent sulfur
in fuel, ind a second eqration wes obtained for data with<0.0040 weight
per cent sulfur in fuel. The3e equations indicate no significant
difference in the hot corrosion of Misco MDC-9 coated Inconel 713C
with a reduction in fuel sulfur from the specification maximum of 0.40
to O.oC40 weight per cent sulfur; however, a reduction in fuel sulfur
from the specification maximum of 0.40 to<0.O40 weight per cent
sulfur will significantly 'c~rease hot corrosion.

A single equat.nr. wa5 obtained with uncoated Inconel 713C
specimens for three level sulfur in fuel, in the absence of "sea
salt" in air, indicating no significarý effect of the concentration
of sulfur in fuel on the superailoy. In the presence rf 1.0 ppm "sea
salt" in air, a single equation was obtained for ý,u,,oated Inconel 713C
with 0.40 and n.040 weight per cent sulfur :. fuel. This equation
contained a sulfur term which indicates that the relative rates of
corrosion for the two concentrations of sulfur in fuel are the same,
but the levels of attack are significantly different. A second
equation was obtained for data with(0.t weight per cent sulfur
in fuel. From these eq.uations it can be concluded that a reduction
in sulfur concentration from the ýoecifica.ion maximum of (:.4'u wei•;1.t
per cent sulfur to either- -.-,! -C tk-4ý weig~ht per cent s:3,-'ur vi11
significantly decreie hoL corrosion ol inconei 713C.

The relative coirosion rates anti th. 95 per cent confidence
limits for these rates for eaz:: cf th6 equations are shown in Table 5.
In comparisons where the relative corrosion rate for one condition i*
not inc'.edod in the confidence limits for another condition it can be
concluded with 95 per cent confidence that the reuative rates of c•rrcslcn
are itatifticaliy differert. If the confidence li-ita izicludl zero,

the relative rate of corrosion I, not statistically siznjfý.cant.
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T~ABLE 5

RELATI_•VE ',_OPROSION RATES FROM REORESSION EQUATIONS

Slfur Sea Salt Relative
in Fuel, in Air, Corrosion 95 % Confidence Limits

wt %. ppm Rate (a) Lower (a) Upper (a)

Misco NDC-i Coated Inconel 71WC

< 0.0040 0.07 0.003211051 0.001530135 0.004892767
0.040 0.03
0.40 0.0 0.01390193 0.00726687 0.02053699

< 0.0040 1.0 O.02158372 0.01312873 0.03003871
0.040 1.o0
J.40 1.01 0.05072006 0.042722" 0.05871768

< 0.0040 10.0 0.143218 0.0588950 0.2275410
0.400 ]0.0 0.1520832 0.0806510 0.2235154
4.0 10.0 0.08262738 -0.0083M796 0.17363072

Misco MDC-9 Coated Inconel 713C

< J. 0040
0.040 0 0 . 014935 00,01009g2 0.01797718
0.40 O.Uj

< 0.0040 1.0 0.02867117 0.01635011 0.04099223
0.040 '
0.40 1.OJ O.C0606102i 0.04633117 0.07488925

inconel 713C

< 0.0040 O. •
0.040 0.0 0.0'2159i,.9 0.01800603 0.02518855
0.40 oooj

< 0.0040 1.0 0.02911474 0.01566623 0.04256325
0.040 1.o1
0.40 1.0J C' ,04822200 0.04041496 0.056029U4

(A) Values and 95 per cent confidence limits for exponential
equations in Table 4.
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From the relative corrosion rates ard ccnfidence limits,
comparisons can be made of the effect of "sea salt" in air with the
sulfur concentration of the fuel and the test specimen material fixed.

Comparisons of relative corrosion rates for Misco MDC-l coated
Inconel 713C show that a reduction in "sea salt" in air from 10.0 to
1.0 ppm decreases the relative rate of hot corrosion and a reduction

.1 from 1.0 ppm to zt- ) "sea salt" in air further decreases the relative
corrosion rate.

All comparisons with Misco MDC-9 coated Inconel 713C show
that a reduction from 1.0 Dpm to zero "sea salt" in air decreases the
relative oorrosion rates.

With uncoated Inconel 713C a reduction in concentration of
"sea salt" in air from 1.0 to zero decreased the relative corrosion
rates in all comparisons.

Comparisons of the relative rates of corrosion for the two
coatings with the relative corrosion rates for the bare alloy in the
absence of "sea salt" in air, show that the coatings decrease hot
corrosion. In the presence of 1.0 ppm "sea salt" in air, the relative
corrosion rates for the two coatings are the same as for the bare alloy
at the same level of sulfur in fuel.

Weight losses for 25 hours of exposure, which is near the
midpoint of the experimental data, were calculated using each of the
equations in Table 4. These data, which are shown in Table 6, provide
a zreasurement of the level of attack on t-e twc coatings and the bare
alloy at the various combinations of sulfur in fuel and "sea salt"
in air. In calculating the weight loss, a value of 25 was substituted
for "X, in the equations to obtain weight loss in terms of logarithm,
and the value was then converted by use of antilogarithms. The 95
per cent confidence intervals, in terms of logarithms, were calculated
using the S.E.E. for the individual equations, and The confidence in-
tervals were also converted by the use of antilogaritýms. It is pe:!;in-
ent to note that the confidence interval is greater when iising poinu
estimates from the equations. As a result comparisons of effects that
were declarel statistically sionificant previously may no longer be
94gnificant. if the primary objective of our experiment had been to
make point comparisons, data should have been concentrated at the point
of interest; however, this was not the case. Never-the-less, compari-
sons that are shown to be statistically significant by points estimated
from the equations are valid comparisons. Comparisons of the effects
of sulfur in fuel and "sea salt" in air will not be made; however,
significant effects axe in agreement with previous analyses.
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TABLE 6

PREDICTED WEIGHT LOSS FROM REGRESSION FQUATIONS
(25 Hours of Exposure)

Sulfur Sea Salt Predicted 95 % Confidence Interval on
in Fuel, in Air, Weight Loss, Weight Loss, ag/cm2 (b)
wt % ppm mg/cn2 (a) Lower Upper

Misco MDC-l Coated Inconel 713C

< 0.0040 0.0 2.1 1.6 2.9
0.040 0.0 2.1 1.6 2.9
0.40 0.0 2.3 1.0 5.4

< 0.0040 1.0 5.3 1.2 23
0.040 1. 0 25 7.4 88
0.40 1.0 25 7.4 88

Misco MDC-9 Coated Inconel 713C

<0.0040 0.0 1.8 0.87 3.9
0.040 0.0 1.7 0.82 3.6
0.40 0.0 0.94 0.44 2.0

< 0.0040 1.0 3.3 1.0 11
0.040 1.0 11 2.0 60
0.40 1.0 Ui 2.0 60

Inconel 713C

< 0.0040 0.0 23 11 48
C.040 0.0 23 11 48
0.40 0.0 23 11 48

< 0.0040 1.0 79 17 370
0.040 1.0 180 88 370
0.40 1.0 380 190 780

(a) Weight losses caLculated by substitution of 25 for 1X" in
equations of Teble 4 to obtain logarithms of weight losses and
then converting to weight losses by use of antilogarithms.

(b) Confidence intervals calculated in terms of logarithms using
the S.E.E. for individual equations and then converting to
weight losses by use of antilogarithms.
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From comparisons of data in Table 6, it can be concluded
that the levels of attack on Misco MDC-l and NDC-9 coated Inconel 713C
specimens are less than with uncoated Inconel 713C specimens. It has
been shown that the relative rates of corrosion for the two coatings
are less than for the bare superalloy, in the absence of "sea salt"
in air! however, in the presence uf 1.0 ppm "sea salt" in air, the
relative rates of corrosion for the coated aad uncoated alloy were
tho same at the same level of sulfur in fuel. A possible explanation
for the difference in level of attack with the same rclative rates of
corrosiorn may be that attack on the fresh, uncoated, Inconol 713C pro-
ceeds rapidly until a scale of corrosion products is establish-d on
th3 surface of the specimen, and attack then proceeds at the slower
relative corrosion rates shown by the equations. Another possible
explanation for the difference could be that the beneficial effect
of the coatir', occurs during the early exposure of the specimens, and
once the coat ng has been penetrated the relative rate of corrosion
follows that of the bare alloy.

Comparisons of the "life" of the coating may be of interest
to some of our readers. A measure of coating life can be obtained
by selecting a criteria for failure based on weight loss and calcula-
tLig hours to failure from the calculated equations. As already
suggested, a criteria of 5.0 mg/cm2 should be a realistic level for
coating failure. Using this value as a criteria for coating failure,
the hours to failure for the Misco MDC-1 and MDC-9 coated Inconel 713C
at each of the combinations of sulfur in fuel and "sea salt" in air
have been calculated from the equations of Table 4, and are 7hown in
Table 7. Confidence limits have not been established for these values.
Comparisons of the effect of sulfur in fuel and "sea salt"t in air on
life of the coatings will not be made, since they would be the same
as drawn previously fron relative rates of co-rosion and levels of
attack. One item of interest in Table 7 is that Misco MDC-l coated
Inconel 713C appears to be more affected by the combinations of sulfur
-in fuel and "sea salt" in air than does the Misco MDC-9 coated Inconel
713C; thus, for the three levels of sulfur in fuel, with either zero or
1.0 ppm ",sea salt" in air, the range in hours to coating failure for
the Misco ML)^-l coated inconel 713C is 129 hours (from 140 to 1 hours),
while for the Misco NDC-9 coated Inconel 713C it is 56 hours (f•rom 75
to 19 hours).

In Reference 1, comparisons of the hot corrosion of five
supmralloys and a coated superalloy, in the presence of zero, 1.0 and
and 10.0 ppm "sea salt" in air, were made for three levels of sulfur
in fuel. These data have been summarized in Tables 8 and 9, and show
the statistically significant effects of redu"ing sulfur in fuel fiom
the specification maximum for grade JP-5 of 0.40 to 0.040) and from
0.40 to<0.0040 weight per cent. Data from the current program also
have been included in these tables, where available. In these tables
a statistically significant decrease in hot corrosion with a reduction
of sulfur in fuel is indicated by plus (+), no stati-tically significant
change by zero (0), and a statistically significant increase in hot
corrosion with a reduction cf fuel sulfur by minus (-).
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TABLE 7

LIFE OF COATING ON INCONEL 713C
(Failure Criterion = 5.0 mg/cm• Weight Loss)

Sulfur Sea Salt Time (a)
in Fuel, in Air, to Fail-are,
wt % ,,, phours

Misco MDC-l

< 0.0040 0.0 140
0.040 0.0 140
0.40 0.0 49

< 0,0040 1.0 24
0.040 1.0 11
0-40 1.0 11

< 0.0040 10.0 4
0.40 10.0 8
4.0 10.0 8 ?

Misco MDC-9

< 0.0040 0.0 55
0.040 0.0 57
0.40 0.0 75

< 0.0040 1.0 31
0.040 1.0 19
0.40 1.0 1ý

(a) Calculated from equations of Table 4.
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TABLE 8

EFFECT OF REDUCINC SULFUR FROM 0.40 TO 0.040 WT % IN JP-5 ON HOT CORROSION

Superalloy_
(c) '- Tc

Sea Salt Specimen (b) MDC-I MDC-9

in Air, Temp., (a) (a) (a) (a) Inconel Coated Coated

ppm F ,.. U IN-100 SM-U._-__0 713C 713 71L

0.0 1375 + + + + + ... ...
0.0 1537 + 0 0 + + ...

0.0 1814 0 0 0 0 0 ... ...

0.0 1970 0 0 0 0 00 + -

0.0 2124 0 0 0 0 0 ...

1.0 1375 ' + + + + ...

1.0 1537 + 0 + + + ...

1.0 1814 0 0 0 0 0
1.0 1970 0 0 0 0 CI 0 0
!,0 2124 0 0 0 0 0 ...

10.0 1375 0 0 0 + + ...
10.0 1537 0 - - + + ...
10.0 1814 0 0 - - 0 ... ...
10.0 1970 0 0 0 - 0
10.0 2124 0 0 0 - 0 ... ...

Comparisons of specimen weight-loss at 95 per cent confiuence level.
+ = Attack decreased with sulfur reduction
- = Attack increased with sulfur reduction
0 = No change with sulfur reduction

(a) Data from heference 1.

(b) First value from Reference 1 and second value from current program.

(c) Data fron current program.
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TABLE 9

EFFECT OF REDUCING SULFUR FROM 0.40 TO <O,04 WT %

IN JP-5 ON HOT CORROSION

Superalloys
(c) (c)

Sea Salt Specimen (b) MDC-I MDC-9
in Air, Temp., (a) (a) (a) (a) Inconel Coated Coated

ppm F 9-..2 U-500 IN-100 SM-200 713C 71•C_ _•2LC

0.0 1375 + + + + + ...

0.0 1537 + 0 0 + 0
0.0 1814 0 0 0 0 +
0.0 -10970 0 0 0 0 + 0 +
0.0 2124 0 0 + + +.

1.0 1375 + + 0 + +
1.0 1537 + 0 0 + 0 ... ...
1.0 1814 0 0 + 0 + ..
1.0 1970 0 0 + 0 + + + +
1.0 2124 0 0 + 0 + ...

10.0 1375 0 0 + + +
10.0 1537 0 - 0 + 0 ... ...
10.0 1814 0 0 - - + ...
10.0 1970 0 0 - + ...
10.0 2124 0 0 0 - +

Comparisons of specimen weight-loss at 95 per cent confidence level.
+ = Attack decreased with sulfur reduction
- = Attack increased with sulfur reduction
O = No change with sulfur reduction

(a) Data from Reference 1.

(b) First value from Reference 1 and second value from current progro

(c) Data from current program.
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Comparing the effects of reducing sulfur in fuel from J.40
to 0.040 per cent by weight, Shown in Table 8, it can be seen that they
vary with temperature, superalloy, and concentration of "sea salt" in
air. Current data for Misco MDC-l and MDC-9 coated Inconel 713C, and
uncoated Inconel 713C, do not indicate the need for a change in the
previous recommendation; that no reduction in the sulfur limit for grade
JP-5 fuel, from 0.40 to 0.040 weight per cent, be made to alleviate
hot-corrosion attack on turbine blades.

Comparing the effects of reducing sulfur in fuel from 0.40
to<0.0040 per cent by weight, shown in Table 9, it can be seen that
they also vary with temperature, superallcy, and concentration of "sea
salt" in air. Both previous and current data, in the presence of either
zero or 1.0 ppm "sea salt" in air show that this larger reduction in
fuel sulfur significantly decreases hot-corrosion in a greater number
of cases. In only one instance (Misco MDC--9 coated Inconel 713C) does
such removal of sulfur from the fuel increase hot corrosion, and in that
case the level of attack was low at both -1ilfur concentrations. In
the presence of 10.0 ppm "sea salt" in air, the reduction in sulfur
decreases hot-corrosion for some alloy!3 and conditions, and increases
hot-corrosion for others. From these data, itl appears that a reduction
in the specification maxidmum for grade JP-5, from 0.40 to < 0.0040
weight per cent sulfur, could decrease hot corrosion in a light "sea
salt" environment, but could have a detrimental effect cn hot-corrosion
in a heavy "sea salt" environment.

4.3. MetaL ography

Information concerning the mode and the intensity of corro-
si570 a-a^ sustained by tl._ erntt.-ng rand mm1rsal, Iny nv "r t rA 'nA in
conditions of exposure, is pertinent to this investigation. High lv'llb
of specimen weight-loss are obviously objectionable; but lower values
do not establish a lack of metal damage, for the attack may have pene-
trated the metal matrix by deep intercrystalline corrosion witP.out
significant metal loss. Therefore, metallographic examination of select-
ed test specimens was made to evaluate the validity of our use of weight-
loss data during this investigation.

A typical example of the oxidation structure at the surface
of a turbine blade after long-time exposure is shown in Figure 20. This
photomicrograph was taken at the convex surface of a cross-section from
the center of a first-stage turbine blade which had completed 1800 hours
in domestic-airline service since overhaul. An oxide scale covers the
surface to a depth of about 0.001 inch. Alloy depletion, with some
intergranrmlar oxidation, precedes surface oxidation by about 0.001 inch.
This is attributed to the diffusion cf more reactive constituents, such
as chromium and aluminum, to the surface where they combine with oxygen
to form the protective scale.
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The catastrophic nature of hot corrosion, experienced by aviation-
turbine engines when operated in a marine environment, is shown in Figure
21. This photomicrograph was taken at the leading edge cf a cross-section
from the center of a first-stag^ turbine blade recovered from a scrap
drum at a U. S. Navy engine-overhaul shop. There is deep sub-surface
oxidation, which produces a mlxed-phase zo-s composed of metal and
corrcsion products; however' considerably metal loss can be sustained
without blade failure because the attack advances on a broad front with-
out deep-intercrystalline penetration of sulfides or oxides.

Features of hot corrosion at the interface between the ox!.des
and the base matrix are shown in Figure 22, which is a further nagnil
fication of the section already shown in Figure 21. The attack is led
by penetration of randomly-dispersed, light-gray, globules of metallic
sulfides. Formation of these sulfides is associated with changes in
the surface compositicn of the alloy, which is characterized by chromium
depletion. Rapid oxidation of the weakened layer of alloy follows sulfide
pernetration. The mechanism of hot corrosion is complex and not fully
understood.

Following exposure, test specimens from our investigation
were cleaned, using techniques described in Appendix 2, and their weight
loess was determined. Then specimens were chosen from each test for
me allographic examination. The selection was made to obtain specimens
with varying exposure time from each test, to allow study of any changes
in the mode and intensity of corrosive attack. This included Misco
MDC-l coated Inconel 713C specimens which had been exposed for 10, 20,
and 55 hours, if available, at nine test conditions; Misco MDC-9 coated
Inconel 713C specimens which had been exposed for 20, 35, and 55 hours,
if available, at six test conditions; and for reference the uncoated
Inconel 713C specimens with maximum time of exposure, 25 to 55 hours,
at six test conditions.

These test specimens were sectioned at the point of maxim=m-
visible attack, mounted in Rakelite, and polished using procedures
previously described ('I). In general, the attacK was most evident on
the impact surface of the specimens, as expectec, because it had ma~xiim
exposure to the corrosive agents. Photomicrographs showing typical attack
on the specimens were taken there at bot'. 200X ard 150OX, and i'- some
cases at other magnifications. Also, the coupons were frequently etched
to show areas of alloy depletion and grain structure. It is considered
neither necessary nor desirable to reproduce in this report. the several
hundred photomicrographs taken during our metallographic e~xamination.
Rather, typical photomicrographs ai-e presented to illustrate the nature
of the attack experienced by tl e superalloy and coatings over the range
of conditions investigated.
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The surface and matrix of an uncoated Inconel 713C specimen,
in the as-received condition from Misco and as placed in test, is shown
in Figure 23. This photomicrograph is included for reference purposes
to emphasize that prior to exposure the test specimens were free from
any unusual surface scale or impurities. The uniformity of the etch,
to the very edge of the coupon, indicates that the surface alloy was
nct depleted.

Exposure of uncoated Inconel 713C in an environment free of
"sea salt" resulted in only a slight, -,-Iform surface oxidation. This
was preceded by a limited zone of alloy depletion, which increased
in depth with increasing exposure time. The addition of sulfur, via
the fuel, to this environment (2000 F) did not result in the formation
of metal sulfides at the corrosion interface, nor in accelerated oxi-
dation c.t-• -n thc depleted surface alloy, as illustrated by Figure
24. The similarity between the micro-features of oxidation attack
evident on turbine blades from service engines and that on specimens
exposed in Phillips test rig can be seen by comparison with Figure 20.
When making this comparison, it should be remembered that the heavy
surface scale has been removed from the test specimen by electro-cleaning,

With the addition of "sea salt", via the air, to this environment,
characteristic hot corrosion was encountered on uncoated Inconel 713C.
Only the extent of the attack increased with increasing exposure time.
The further addition of sulfur, via the fuel, to this "sea salt" environ-
ment affected neither the mode nor the intensity of the attack, which is
shown in Figure 25. The micro-features of hot corrosion on Inconel 713C
specimens exposed in Phillips test rig are quite similar to those evi-
dent on Inconel 713C turbine blades from service engines, which can be
seen by comparison with Figure 22.

The surface and matrix of a typical MDC-l coated Inconel 713C
specimen, in the as-received condition from Misco and as placed in test,
is shown in Figure 26. The aluminum-type coating was applied to obtain
a total depth of approximately 2 mll!• which is divided about equally
between an -uter-layer with non-metallic dispersions and a diffusion-
layer. Previous experience (i) has shown that the electro-cleaning
procedure, detailed in Appendix 2, does not alter the appearance of
this coating.

In those areas where the MDC-l coating remained intact follow-
ing exposure, evidence was found of alloy depletion in the diffused layer,
as shown in Figure 27. This modification of the coating remnant became
increasingly evident with increasing exposure ti ,,, but was not favored
by any other exposure variable in this probram. Similar coatirng deple-
tion was experienced with extended exposure of Misco MDC-l coated Inconel
713C specimens during exploratory tests (2).
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Once the MDC-l coating was penetrated, the mode and intensity
of attack observed was similar to that expirienced by the bare Inccnel
713C at comparable conditions of exposure. Characteristic micro-features
of hot corrosion were found when the coating was penetrated by prolonged
exposure in the presence of "sea salt"', as shown in Figure 28.

The surface and matrix of a typical MDC-9 coated Inconel 713C
speciman, in the as-received condition from Misco and as placed in test,
is shown in Figure 29, The alvminupý-chromium-type coating was applied
to obtain a total depth of approximately 2 mile; which is divided about
equally between an outer-layer and a diffusion-layer, As discussed in
Appendix 2, the electro-cleaning procedure was found to alter the appear-
ance of this coating, and so was not ust, to remove the surface scalo
of corrosion products from the test specimens following exposure during
this investigation.

Test specimens of Inconel 713C were inspected by Misco using
fluorescent penetrant (Zyglo) and certified to be free from cracks, as
noted in Appendix 3. Similar •ispection by Phillips following application
of the MDC-9 coating by Misco revealed no cracks. However, it is of
interest to note that a few cracks were found in the coating of a new,
unexposed, specimen when sectioned for metallographic study. One such
crack is shown in Figure 29, and it is pertinent to point out that
characteristically the crack does not extend into the base alLoy. It
is speculated that these cracks were developed in the coating when the
specimens were sectioned for the metallographic examination, and do not
represent the as-received specimen condition. Indications are that the
MDC-9 coating as applied by Misco to the Inconel 713C specimens used
in this program was subject to cracking under stress.

In those areas where the MDC-9 coating remained intact following
exposure, evidence was folund of alloy depletion in the diffused layer,
as shown in Figure 30. This modification of the coating remnant is
comparable to that experienced with the Nisc- W)C-i coated Inconel 713C
specimens, as previously described. Similarly, it was concluded that
once the PMC-9 coating was penetrated, the coc.csive attack was like that
experienced by the bare Inconel 713C et comparable conditions of exposure.

In those areas where the MDC-9 coating was penetrated by hot
corrosion the mode and intensity of attack was similar to that observed
with bire Inconel 713C, as already described. Thus, it was suprising
to find little or no evidence of sulfide penetration associated with
the cracks which were found in the Misco MDC-9 coated Inronel 713C
specimens foll'wir.g exposure. While there was evider.ce of alloy
depletion around the cracks, as shown in Figure 31, it was not accompanied
by the accelerated oxidation associated with hot corrosion. This indicates
that the cracks do not serv- as a focal point for the attack by corrosive
materials over the rawge in conditic:.s of exposure investirated.
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Tn general, the corrosive attack experienced by the superalloy
an,,d COaIM, du=ing this investigation resulted in only shallow penetra-
tion of corrosion products, despite the catastrophic rates of metal
loss encountered in the presence of "sea salt". The depth of surface
penetration was usually lees than one mil. This serves to justify
the use of the metal-loss data as a valid measurement of the extent
of corrosive attack on the superalloy and coatings over the range of
conditions investigated.
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5. FUTURE WORK

The effect of sulfur in fuel was found to vary among the
various superalloys used in the previcus programs (1); i.C. , a re-
duction in fuel sulfur had no effect with some superallcys, and in-
creased hot corrosion with two superalloys under some conditions.
Inconel 713C, the base superalloy used for our coating study so far,
was not affected significantly by changes in fuel sulfur content, while
hot corrosion of SM-200 increased under some conditions with a reduc-
tion in fuel sulfur. A program will be conducted using Misco MDC-l
coated SM-200 to determine the effect of sulfur in fuel on the hot
corrosion of a coating applied to a different base superalloy.

In previous programs (1) it was found thPt the effect of
sulfur in fuel on hot corrosion varied with temperature. Statistically
significant decreases in hot corrosion were found with reductions in
fuel sulfur at temperatures below the melting point of sodium sulfate
(1623 F) with superalloys that were unaffected by changes in sulfur
content at higher temperatures. A program will be conducted to detnrmine
the effect of sulfur in fuel on the hot corrosion of one or more coated
superalloys at temperatures below the melting point of sodium sulfate.
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8. APPENDIX 1
•L (Test Data)

The 'otal weight loss, weight loss per unit area, and the
visual ratings for Misco MDC-1 coated Inconel. ?13C specimens at t~e
three concentrations of sulfur in fuel, ih the absence of "sea salt"
in air, are shown in Table 10. Similar data witn L.o ppm "sea salt"
in air art shown in Table 11. In Table 11, where two tests are shown
for each sulfur level, the first test wap conducted with specimen posi-
tions fixed in the cascade, and the second test was conducted with the
specimens rotated among the three stiges of the cascade at five-hour
intervals. The data for tests with 10.0 ppri "sea salt" in air and three
con'entrations of sulfuar in fuel are shown in Table 12.

The weight-loss data for Misco MDC-9 coated Inconel 713C
specimens at the three levels of sulfur in fuel. in 'ne absence of
"sea salt" in air, are shown in Table 13. SimLlar data with 1.C ppm
"sea salt" in air are sho-n in Table 14. Specimen weights after exposure
and sonic-cleaning were adjusted by the addition of l.CGmg/cn 2 to 2 li-
ainate negative weight losses, and these adjusted values were used in
our &ialyst's

The weight-loss data for uncoated Inconel 713C specimen-s
at the three concentrations of sulfur in fuel, in the absence of "sea
salt" in air, are shown in Table 15. Sirnilar data with 1.0 ppm "sea
salt" iii air are shown in Table 16.
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TABLE 10

WEIGHT-LOSS DATA AND VISU& RATINGS FOR MISCO MDC-1 COATED LNCCqNEP 713CS~(Zero "Sea Salt" in Air)-

Total
Sulfur Test (a) Exposure Test Specimen
in Fuel, Speci men Time, Weight Loss
wt % Number hours g/=2 Visual pat"ing (b)

<0.0040 6 5 44.4 2.19 N
<(.0040 3 10 31.8 1.57 N
<0.0040 4 15 35.2 1.74 N
(0_.0040 2 20 45.6 2.25 N
<0.0040 5 25 42.5 2.10 N
<0.0040 5A 30 40.4 1.99 N
CP.0040 2A 35 37.1 1.83 N

<0.0040 4A 40 50.2 2.48 N
<0. M*0 3A 45 40.3 1.99 N
<0.0040 6A 50 51.6 2.55 VLS
<0.0040 1 r5 60.4 2.98 VLS

0.040 6 5 41.5 2.05 N
0.040 3 10 37.7 1.86 N
0.040 4 15 39.7 1.96 N
0.040 2 20 46.1 2.27 N
0.040 5 25 42.8 2.11 N
0.040 5A 30 48.3 2.38 VLS
0.040 2A 35 45.8 2.26 N
0.040 4- I-O 62.3 3.07 N
0.040 3A 45 42.1 2.08 N
0.040 6A 50 49.5 2.44 N
0.040 1 55 65.3 3.22 N

0.40 6 5 38.6 1.90 N
0.40 3 10 29.2 1."4 VLS
0.40 4 15 26.1 1.29 "US
0.40 2 20 43.0 2.12 VLS
0.40 5 25 49.6 2.45 ,,LS
0.40 5A 30 51.9 2.56 N
0.40 2A 35 32.8 1.32
0.40 4A 40 85.4 4.23. V'LS
0.40 3A 45 107.2 5.29 iz
0.40 6A 50 79.7 1.*93 VU
0.40 1 55 206.5 i0.19 MS

(a) Test specizen number indicates positir:• in cascadw .Oclder. A
letter following tho posltion number indicates a replace;.Un
test "pecimn, following rezvai of the initial test speci.en.

(b) See Table 2 for rating "yltem.
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WEIGHT-LOSS DATA AND VISUAL ARATINGS FOR MISCO MDC-.t COATED INCOMEL 71,3C
Ti0o ppm -Sea Salt" in kir)

Total
Sulfur Test (a) Exposure Teat Specimen
in Fuel, Specimen Time, Weight Loss
wt % Number hours __MA- / z Visual Ratin (b)

< 0.0040 6 5 56.5 2.79 VLS
< 0.0040 3 10 41.2 2.03 VLS
< 0.0040 4 15 73.0 3.60 LE
< 0.0040 2 20 65.9 3.25 VLS
< 0. r040 5 25 214.3 10. 57 LIS-LS
<0.0040 5A 30 512.8 25.30 MS
<0.0040 ZA 35 113.3 5.59 LE
<O.OC40 4A 40 993.4 49.01 HE
<O.OC40 3A 45 308.8 15.23 MS
<0.0040 6A 50 693.9 34.23 MS
<0.00.40 1 55 1150.3 54 MS

< 0.0040 2 5 46.4 2.29 N
< 0.000O 3 !0 46.3 2.23 VLS
< 0.0040 6 15 58.2 2.87 VilS
<0.0040 1 20 60.4 2.98 ¥•S
<0.0040 4 25 72.4 3.57 IVLS
<0.0040 4A 30 156.8 7.74 LS
<0.0040 1A 35 117.9 5.82 ME
<0.0040 6A 40 84.2 4.15 LS
<0.0040 3A 45 104.4 5.15 LS-LE
<0.0040 2A 50 259.0 12.78 LS-I.E
<0.0040 5 55 200 4 9.89 LS

0.040 6 5 43.2 2.13 'ZLS
0.040 3 10 56.1 2.77 VLS
0.040 4 15 118.2 5.83 LS
0.040 2 20 483.9 23.87 MS
0.040 5A 20 123.5 6.09 LE
o.04o 5 25 894.8 44.14 MS
0.040 2A 25 3Y3.3 16.44 MS
'.040 4A 30 1556.2 76.77 M5
0.040 3A 35 1185.6 58.49 MS
0.040 6A 40 1983.5 97.85 ...
0.040 1 45 4596.9 226.78 HS

(a) Test specimen number indicates position in cascadc hW .der. A
letter followin the position nwuber indicates a replaceri'nt
test specimen, follwing removal of the initial test spt.zinen.

(b) See Table 2 for rating system.
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TABLU 11 (Continued)

Total
Sulfur Test (a) Exposure Test Specizwn
in Fuel, Specimen Time, Weight Loss
wt % Number hours M Visual Rating (b)

0.040 2 5 173.3 8.55 LS
0.040 !A 5 59.8 2.95 vils
0.040 3 iC 254.7 12.56 LS
0.040 6A 10 97.2 4.80 VLE
0.040 6 15 233.8 11.53 VLE
o. 4o 3A I.5 76.2 3.76 VLE
0.040 1. 20 355-.1 17.52 LS-LE
0.040 2A 20 141.8 7.00 LE
0.04.0 4 25 1127.3 55.61 MS
0.040 5 25 565.4 27.89 HS

0.40 6 5 70.9 3.50 N
0.40 3 10 62.2 3.06 VLS
0.40 4 15 131.6 6.49 IS-VLE
0.40 5A 15 65.3 3.22 VLS
0,40 2 20 225.2 i1.11 LE
0.40 2A 20 659.2 32.52 MS
0.40 5 25 809.8 39.95 MS
0.4C 4A 25 1558.1 76.87 MS
0.40 3A 30 340.3 16.79 MS
0.40 6A 35 1682.9 83.02 Md
0.40 1 40 4965.2 244.95 HS

0.40 2 5 +7-5 2.34 VLS
0.40 1A 5 58.2 2.87 VLS
0.40 3 10 60.5 2.98 VLS
0.40 6A 10 62.6 3.09 VUS
0.40 6 15 126.4 6.24 MS
0.40 3A 15 60.3 2.97 LS
0.40 2A 20 144.6 7.13 LE
0.40 1 20 270.5 13.34 MS
0.40 5 25 457.4 22.56 MS
0.40 4 25 1584.2 78.15 MS

(a) Test specimen number indicates position in cascade holder. A
letter following the position number indicates a replacement
test specimen, following removal of the initial test specimen.

(b) See Table 2 for rating system.
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TABLE 12

WEIGHT-LOSS DATA AND VISUAL RATINGS FOR KSCO NDC-L COATED INCONEL 771

(10.0 ppm "Sea Salt" in Air)

Total
Sulfur Test (a) Exposure Test Specimen
i. Fuel, Specimen Time, weight Lose
wt % Nunber hours _M_ mg/ MY Visual Ratine(b)

< 0.0040 2 5 60.0 2.96 VLS
< 0.0040 3A 5 216.9 10.70 ME-LS
< 0.0040 3 10 217.8 10.74 ME
< 0.O-40 2A 10 3092.0 152.54 HS
< 0.0040 5 15 4205.8 207.48 HS
< 00040 4 15 2002.1 98.77 HS
< 0. 0040 1 15 2349.9 115.93 fis
<0.0040 6 5688.3 280.62 HS

0.40 2 5 84.8 4.18 VLS
0.40 3A 5 53.o 2.62 VLS
0.40 3 10 83.3 4.11 LS-C
O4. 0 2A 10 96.2 4.75 LS-C
0.40 1 15 1022.1 50.42 HS-C
0.40 4 15 1110.6 54.79 IIE-LS-C
0.40 5 15 3157.6 155.77 HS-C
0.40 6 15 2582.9 127.42 HE-LS

4.0 2 5 36.2 1.79 LS
4.0 6 9 156 .4 7.72 ME-LS
4.0 5 9 59.0 2.91 LS
4.0 3 9 71,0 3.50 LS-LE
4.0 4 9 194.9 9.62 ME-LS
4.0 1 9 1496.4 73.82 IIE-LS

4.0 2 5 36,7 1.81 VLS
4• 0 2A 8 63.2 3.12 VLS
4.0 3 10 87.2 4.30 LS-LE
4.0 5 13 101.1 4.99 LS
4.0 6 13 337.6 16.65
4.0 1 13 258.4 12.75 LS
h.0 4 13 189.4 9.34 LS-VLE

(a) Test specimen number indicates position in cascade holder. A
letter following the position number indicates a replacement
test specimen, following removal of the initial test specimen.

(b) See Table 2 for rating system.
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WEIGHT-LOSS DATA AND VIUAL RATINGS FOR

MISCO MDC-9 COATED INCONEL 712C

(Zero ?Sea Salt" in Air)

Total
Sulfur Test (a) Expos. e Test Specimen
in Fuel, Specimen Time, Weight Loss
wt % Number hours mg mg/cm4 Adjusted (b Visual Rating(c)

< 0.0040 2 5 - 1.8 -0.09 0.91 N
<0.0040 3 10 - 1.7 -0.08 0.92 N
< 0.0040 6 15 8.5 0.42 1.42 N
< 0.0040 1 20 5.7 0.28 1.28 N-C
<0.0040 4 25 24.5 -.21 2.21 N-C
< 0.0040 4A 30 17.9 0.88 I. 88 N
<0.0040 1A 35 34.2 1.69 2.69 N-C
<0.0040 6A 40 38.2 1.88 2.88 N-C
<0.0040 3A 45 38.8 1.91 2.91 VLS-C
<0.0040 2A 50 66.7 3.29 4.29 VLE-C
<0.0040 5 55 22.3 1.10 2.10 N-C

0.040 2 5 - 1.8 -0.09 0.91 N
0.0040 3 10 4.8 0.24 1..24 N
0.040 6 15 22.6 1.1] 2.11 N
0.040 1 20 13.9 0.69 1.69 N
0.040 4 25 8.7 0.43 1.43 N-C
0.040 4A 30 29.1 1.44 2.44 N-C
0.040 1A 35 44.7 2.20 3.20 N-C
0.040 6A 40 30.0 1.48 2.48 N-C
0.040 3A 45 71.7 3.54 4.54 IS-C
0.040 2A 50 68.9 3.40 4.40 VLE-C
0.040 5 55 88.8 4.38 5.38 LS-C

0.40 2 5 -11.1 -0.54 0.46 N
0.40 3 10 -13.4 -0.66 0.31k N-C
0.40 6 15 -12.7 -0.63 0.37 N
0.40 1 20 - 8.3 -0.414 0.59 N
0.40 4 25 - 0.5 -0.02 0.98 N
0.40 4A 30 27.4 1.35 2.35 VLS-C
0.40 1A 35 38.3 1.89 2.89 VLS-C
0.40 6A 40 19.8 0.98 1.98 N
0.40 3A 45 4.3 0.21 1.21 N
0.40 2A 50 13.2 0.65 1.65 N
0.40 5 55 42.7 2.11 3.11 VLS

(a) Test specimen number indicates position in cascade holder. A
letter following the position number indicates a replacement test
specimen, following removal of the initial test specimen.

(b) Weigh. loss adjusted by adding 1.00 m4g/cm2 .

,c) See Table 2 for rating system.
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WEIGHT-LOSS DATA AND VISUAL RATINGS FOR MISCO MDC-9 COATED INCONEL 713C
(1.0 ppm "Sea Salt" in Air)

Total
Sulfur Test (a) Exposure Test Specimen
in Fuel, Specimen Time, Weight Loss
wt % Number hours mg Edcmd Adjusted (b) Visual Rating (c)

< 0.0040 2 5 -1.9 -0.09 0.91 N
< 0.0040 3 10 6.8 0.34 1.34 N-C
< 0.0040 6 15 35.5 1.75 2.75 VLS-C
< 0.0040 1 20 41.1 2.03 3.03 VLE
< 0.0040 4A 20 36.2 1.79 2.79 VLS-C
< 0.0040 4 25 1. 0 0.54 1.54 N-C
< 0.0040 IA 25 15,0 0.74 1.74 N-C
< 0.0040 6A 30 51.6 2.55 3.55 VLE-C
< 0.0040 3A 35 116.1 5.73 6.73 NS-C
<0.0040 2A 40 406.5 2005 21.C5 MS-C
<0.0040 5 45 190.8 9.41 10.41 MS-ME-C

0.040 2 5 -5.7 -0.28 0.72 N-C
0.040 3 10 3.5 0.17 1.17 N
0.040 4A 10 11.8 0.58 1.58 N-C
0.040 6 15 29.4 1.45 2.45 is
0-040 1A 15 50.1 2.47 3.47 V1,S-C
0.o0.0 1 20 50.2 2.48 3.48 VIE
04040 6A 20 88.0 4.34 5.34 LS-C
0.040 4 25 185.2 9.14 10.14 LE-C
0.040 3A 25 170.0 8.39 9.39 ME-C
0.040 2A 30 774.8 38.22 39.22 HS-C
0.040 5 35 729.1 35.97 36.97 HS-C

0.40 2 5 -4.9 -0.24 0.76
0.40 3 10 5.0 0.25 1.25
0.40 6 15 41.4 2.04 3.04
0.40 20 -7.3 -0.36 0.64 .. ,C
C.40 4A 20 218.9 10.80 11.80 LE
0.40 4 25 57.1 2.82 3.82 ViE
0.40 1A 25 1327.7 65.50 66.50 HS
0.40 64 30 1807.1 89.15 90.15 HS
0.40 3A 35 915.2 45.15 46.15 MS-C
0.40 2A 40 1336.6 65.94 66.94 HS-C
0.40 5 45 2324.2 114.66 115.66 HS-C

(a) Test specimen number indicates position in cascade holder. A letter
following the position number indicates a r~placpment test specimen,
following removal of the initial test specimen.

(b) Weight lois adjusted by adding 1.00 mg/cm2 .

(c) See Table 2 for rating system.
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TABLE 15

WEIGHT IASS DATA FOR INCONEL 713C
(Zero, "Sea Salt" in Air)

Total
Sulfur Test Exposure Total Specimen
In Fuel, Specimen Time, Weight Loss
wt % Number hours _,_mg mg_2_

< 0.0040 2 5 76.7 3.78
< 0.0040 3 i0 180.1 8.38
< 0.0040 6 15 310.1 15.30
< 0.0040 1 20 .372.0 18.35
< 0.0040 4 25 467.8 23.08
< 0.0040 4A 30 857.3 42.29
< 0.0040 1A 35 950.7 46.90
< 0.0040 6f 40 1847.2 91,13
< 0.0040 3A 45 878.8 43,35
< 0.0040 2A 50 1516.4 '74.81
< 0.0040 5 55 1269.5 62.63

0.040 2 5 102.8 5.07
0.040 3 10 203.7 10.05
0.040 6 15 363.1 17.91
0.040 1 20 514.5 25.38
0.0.•o 4 25 863.1 42.58
0.040 4A 25 502.9 24.83.
0.040 !A 30 615.2 30.35
0.040 6A 35 428.2 21.12
0.040 3A 40 722.5 35.64
0.040 2A 45 1381.6 68.16
0.040 5 50 1370.5 67.61

0.40 2 5 114.6 5,65
0.40 3 10 278.9 13.76
0.40 6 15 31.47 15.52
0.40 1 20 500.8 24.71
0.40 4 25 626.7 30.92
0.40 4k 30 19491 46.32
0.40 1A 35 639.5 31.55
0.40 6A 40 1397.1 68.92
0.40 3A 45 980.1 48.35
0.40 2A 50 1640.4 80.93
0.40 5 55 1655.4 81.67
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WEIGHT LOSS DATA FOR INCONEL 713C
(1.0 ppm "Sea Salt", in Air)

Total
Sulfur Test Exposure Total Specimen
In Fuel, Specimen 'rimc, Weight Loss

SNumber hours mi

< 0.0040 2 5 175.8 8.67
< 0.0040 3 10 438.5 21.63
< 0.0040 6 15 1156.1 57.03
< 0.0040 4A i5 1371.5 67.66
< 0.0040 1A 20 1458.P 71.97
< 0.0040 1 20 1467.6 72.40
< . 0040 4 25 2045.9 100.93
< 0.0040 6A 25 2321.0 lli,. 50
< 0.0040 3A 30 1893.3 93.40
< 0.0040 2A 35 2642.6 130-37
< 0.0040 5 40 2576.6 127.11

0.040 2 5 312.4 15.41
0.040 4A 5 317.1 15.64
0.040 3 10 963.3 47.52
0.040 1A 10 399.8 19.72
0.040 6 15 1741.4 (35.91
0.040 6A 15 1433.6 70.72
0.040 1 20 2942.7 95.E4
0.040 3A 20 2346.2 115.74
0.040 4 25 4910.6 242.25
0.040 2A 25 "470.5 220.54
0.040 5 30 4117.9 203-15

0.40 2 5 560.8 27.67
0.40 1A 5 580.4 28.63
0.40 3 10 1481.8 73.10
0.40 6A 10 2682.0 132.31
0.40 6 15 2977.4 146.88
0.40 3A 15 2730.3 134.69
0.40 1 20 3706.4 182.85
0.40 2A 20 4043.9 199.50
0.40 4 25 7428.8 366.48
0.40 5 25 6070.1 299.46

0.40 5 5 848.3 41.85
0.40 4 5 1340.7 66.14
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9. APPENDIX 2
(Test Equipment)

9.1. Test Facility
Phillips research facility for testing jet fuel, pictured in

part in Figire 32 has been described previbusly in detail by Fromm (6).
Air is supplied by rotary Fuller compressors and filtered by a Sales
Vape-Sorber. This air is preheated Ju3t before it enters the 2-inch
combustor LesLway by a TheiaLi "Reearch heat-exchanger. Both fuel and
"sea water" are supplied by nitrogen pressurization of their respective
tanks. A portion of the metering and automatic control equipment can
be seen in Figure 33. Air flow rates up to 2.0 lb/sec, at inlet air
pressures up to 15 atmospheres, and inlet air temperatures up to 14CC
F are attainabl.e.

9.2. Phillips 2-Inch Combustor

A scale diagram of the 2-inch combustor used in this study
is shown in Figure 34. Design details of the combustor are presented
in Table 17. Basically, it embodied the principal features of •=onbus-
tors used in modern aircraft-turbine engines. It was a straight-through
can-type, combustor with fuel atomization by a single, simplex-type,
nozzle. The combustor liner was fabricated from 2-inch, Schedule 4G,
Inconel pipe, with added internal deflector skirts for film cooling of
surfaces exposed to the flame.

A scale diagram of the Phillips test rig used in this study
of hot corrosion is shown in Figure 35. Its design permits easy access
to the fuel nozzle, combustor liner, test specimens, etc. The combus-
tor installation was disassembled, iisrpected, and reconditioned after
every test period.

Four chror.tel-alxiiel thermocouples were mounted on ecquai area
ceut•- at the location indicated in Figure 35, fcr measurement of ex-
haust gas temperature, The thermocouples were housed in -,rch ,la:.:eter
Inconel 3heaths for protection.

The "sea water" injection point was located in the (cuerch
zone of the combustor, as indicated in. Figure 35, rather than upstream
of the combustor or in the primary-combustion zone. This avoided a
severe corrosion problemn with the combustcr liner, anJ al> isureued
exposure of test specimens to the destire "sea salt" c-.ncentratien.
The "sea water" was divide- into two rnete-reI' pticrns a •in•t
through opposing Jets to obtain unifor, Jistritution uf "sea water"
in air by impinrent of ,.he jet jtreams.

The exhaust section was zt.ter jacketed to c.tain the _1esreu
durability of operation with high-temperture gases.
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TABLE 
Appendix 2

"DESIGN DETAILS OF PHILLIPS 2-INCH COMBUSTOR

Comhustor Configuration Number 15

Fuel Nozzle

Type Simplex (Monarch)
Spray Pattern Seri-Solid Cone (PUP)
Spray Angle, degrees 50

Capacity, gph of No, 2 Fuel Oil W-100 psi 13.8

Combustor Dome
Air Inlet Type Tangential Swirl
Shield Hole Diameter, in. 0.625
Total Holm Area, sq. in. 0.307
% Total Combustor Hole Area 8.7

Splash Cooling Air
Hole Diameter, in. 0.125
Holes/Station 16
Nutmber of Stations 7
Total Number of Holes 112
Total Hole Area, sq. in. 1.374
% Total Combustor Hole Area 38.7

Primary Ccmbustion Air
Hole Diameter, in. 0.250
Total Number of Holes
Total Hole Area, sq. in. 0.196
% Total Combustor Hole Area 5.5

Secondary Combustion Air
Hole Diameter, in. 0.375
Total Number of Hole-s 4
Total Hole Area, sq. in. 0.442
% Total Combustor Hole Area 12.5

Quench Air
Hole Diameter, in. 0.625Tot-al Number of Holes 4
Total Hole Area, sq. in. 1.227
% T-,tal Combustor Hole Area 3L.6

Total Combustor Hole Area, so. in. 3.546
% Cross Sectional Area 133.4
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9.3. Specimen Holders

The general location of the specimen holders in the exhaust
gas from the 2-inch combustor is shown in Figure 35. They are separ-
ated from the 2-inch combustor by a 6-inch, water-cooled, spool; and
are followed by another 12-inch, water-cooled, spool prior to quench-
water injection. Each holder accomodates two metal strips, 1/8 by
1/2 by 2-3/8 inches) as shown in Figure 36. Three holders were com-
bined in a cascade, as shown in Figure 37, with each successive holder
rota'.ed 120 degrees to prevent channeling of the hot-gas flow. A picture
of the specimens mounted in the cascade is shown in Figure 38.

The cross-sectional area of the 2-inch pipe in which the spec-
imen holders are located is 3.36 square inches; however, the unblocked
area in the specimen holder is only 1.59 square inches. The holders
maintain the specimens at an angle of 45 degrees to the axis of the
pipe in which they are located. Tnis provides for acceleration of the
gas flow over the surface of the specimens, much as over the turbine
bladi•:6 'n -- actual engine. The specimens are subjected to appreciable
gas-pressure loading while the lest is in progress. It is sufficient
to slightly bow the Inconel 713C specimens at the 2000 F test condition,
and the effect increases with exposure time.

The test specimens mounted in the first stage of the cascade
were aligned with ½-inch I. D. sighting tubes as shown in Figure 35.
This allowed for measurement. if desired, of their brightness tempera-
ture, using a Leeds and Northrup Model 8622-S optical pyrometer.

9.4. Specimen Cleaning

New specimens were cl-aned by vapor degreasing with trichloro-
ethylene, using the apparatus shown diagramatically in Figure 39.
Subsequently the specimens were handled with aegreased stairnless-steel
tongs. The initial weight of each test specimen was .ete.m ;rd follow-
ing degreasing,

After exposure, cleaning was necessary to remove the frequent-
ly heavy accumulation of surface deposit or scale, to allow for the
measurement of metal loss ,: th- qnseimensf from hot corrosion.

In previous studies (1) art -Iectro-cieaning techniue was
used which has been described by Shi-'1-v (7). Briefly, the electro-
cleaning Lechnique consists of iMMern3i1n4 the specimens in molten 3odium
hydroxide at 750 to 79'- F with 1/3 amp/sc cm ,assing throu.h the spec-
imen for a period of 10 minutes. The specimens we-re scrubbed with a
wire brush during a water quench, rinsed in acetone, dried, and reweigbed.
The apparatus used for eiectrc-clean:r., is shc'wn -i.:a, '1- °cay i.
Figure 40. Previsions were male to pert electrc-c1eaning, simltan-

eousl1y, Of siJx :3pecimens. 'T7;.: ! cn:E '( r
MDC-i coated Inconel 713C specimens an. Ja' inconel ?ldC •pe -n•1...
after ex,,csre during the current troJrams.
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l FIGURE 40

CATPODIC DESCALING APPARATUS FOR CLEANING

TEST SPECIMENS FOLLOWING EXPOSURE TO HOT GAS CORROSION
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In previous studies (1) it was shown that loss of weight of
unexposed test specimens after electro-cleaning was insignificant for
uncoated specim~ms, but cleaning loss from unexposed Misco M)C-l coated
Inconel 713C specimens averaged 1.2 mg/cm2 . In the current program,
extrapolation of the curves of weight loss with time to zero hours of
exposure also indicate a weight loss of one mg/cm2 , or more. To eli-
minate the possible loss of material by electro-cleaning, it was deci-
ded t, clean the Misco MDC-9 coated Inconel 713C specimens by water
washing, using deionized water in an ultrasonic bath for 90 minutes.
Specimens were then brushed with a fiber brush, rinsed in acetone, dried,
and weighed. After cleaning the specimens from the first test condition,
it was found that two of the specimens showed a slight gain in weight,
indicating incomplete removal of corrosion scale or "sea salt" residue,
or both, from the specimens. The specimens were then electro-.cleaned
and reweighed. The weight-loss data obtained with both water-washing
and electro-cleaning, for each specimen from the first test, are shown
in Table 18.

Visual inspection of the Misco MDC-9 coated Inconel 713C
specimens revealed that most of the coating had been removed by electro-
cleaning. Upon investigation, it was found that the temperature of
the caustic bath used for cleaning had inadvertently been at an esti-
mated 900 F, rather than at the standard 750 to 790 F. To further
evaluate the effect of these cleaning techniques on loss of ccating,
a number of unexposed test specimens of bare inconel 713C, Misco MDC-1
and MDC-9 coated Inconel 713C were cleaned and their weight losses are
shown in Table 19. As expected, the water-wash in the ultrasonic bath
did not remove a significant amount of material. The uncoated Inconel
713C was relatively insensitive to temperature of the caustic bath, and
weight loss was low in all cases. However, both Mi,.co MDC-1 and MDC-9
coatings were sensitive to caustic temperature, with the Misco MDC-9
coated Inconel 7130 specimens being affected the most.

Upon metallographic examination, modification of the inter-
face between the diffused layer of the coating arvd the base metal was
observed to result from electro-cleaning his--) MDC-9 coated Inconel
713C specimens. This is illustraten by the phctomilcrographs shown
in Figure 4.1, where a comparison can be made cf thz coating on a new
test specimen, unexposed, (Figure 41A) with that on a new test 5peci-
men which had been electro-cleaned a* 750 F (Figure 41B) and 9C,_1 F
(Figure 41C). The nature of the phase changs observed has not been
established.

A decision was made to ite the water-wash (soni•-cieannig)
techniuue for cleanizi th; Mizico ?DC-9 cuated Inconel 713C specnens
in this program- To permit an analysis such as u.ed in previous p'n;rams,
bascd on logariL.--- of weight Io½ , the wei.h?.t-Ioss values were al lust-
ed by the addition orf i.A) mgIcm tc !i values to eliminate neativ
weight los3es.
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TABLE 18

EFFECT OF CLEANING TECHNIQUE -O WEIGh' LCSS

BY KISCO MDC-9 COATED INCCYEL 713C

(0.40 wt % Sulfur in Fuel and 1.0 ppm Sea Salt in Air)

Total
Test (a) Exposure Test Svecimen Weight Loss
Specimen Time, Water Washed (b) Electro-Clened(c) Differenced
Numb~er hlourm M9 MZ & Mcm2

(e) 0 0.8 0.04 220,5 10.88 10.84
2 5 -4.9 -0.24 276.4 13.64 13.8
3 10 5.0 0.25 207.3 10.23 9.98
6 15 41.4 2.04 227.2 11.21 9.17
1 20 -7.3 -0.36 168.7 8.32 8.68
4JA 20 218.9 10.80 373.3 18.42 ,7.6-
4 25 57.1 2.82 170.5 8.41 5.59
1A 25 1327.7 65.50 1477.2 72.87 7.37
6A 30 1807.1 89.15 1966.1 96.99 7.84
3A 35 915.2 45.15 1108.5 54.69 9.54
2A 40 1336.6 65.94 1482.4 73.13 7.19
5 45 2324.2 114.66 2503.1 123.48 8.82

(a) Test specimzn number indicates position in cascade holder. A letter
following the position number indicates a replacement test specimen,
following removal of the initial test soecimen.

(b) Washed in deionized water in ultrasonic bath for 90 minutes.

(c) Caustic bath temperature believed to have been 900 F.

(d) Difference in weight loss between electro-cleaned and water washeo
techniques.

(e) New test specimen, unexposed.
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TABUE 19

* J COMPARISON OF S? 1CIM• CLEANING TCHNIQUES

Test Specimen Weight Loss
WAMT- WASH ELECTRO TOTAL

SSuoeralloy Coating mg mg/cm2  m mg/cm2  mg mg/cm2

Inconel 713C ... 0.3 0.02 5.6(a) 0.28 5.9(a) 0.29
Inconel 7130 Misco MDC-i 1.2 0.C0 58.5(a) 2.89 59.7(a) 2.94
Inconel 713C Misco MDC-9 1.0 0.05 77.4(a) 3.82 78.4(a) 3.87

Inconel 713C ... ... ... 5.4a) 0.27 5.4(a) 0.27
inconel 713C Misco MDP-i ... ... 64.6(a) 3.19 64.6(a) 3.19
Inconel 713C Misco MDC-9 ... ... 87.8(a) 4.33 87.8(a) 4.33

Inconel 713C ... ... ... 3.4(b) 0.17 3.4(b) 0.17
-InConl 73C Misco NDC-1 ... ... 28.4(b) 1.40 28.4(b) 1.40
Inconel 7!13C Misco MDC-9 ... ... 0.3(b) 0.51 10.3(b) 0.51

(a) Cleaning bath temperature 900 F

(b) Cleaning bat*- temperature 750 F
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10. APPENDIX 3
(Test Materials)

10.1. Test Fuels

10.1.1. Sulfur in JP-5

The sulfur content of 197 samples of grade JP-5 aviation
turbine fuel, representative of domestic and foreign purchases by the
United States Navy from Sep' ember 1966 to February 1967 had a median
value of 0.04 weight per cent. The cumulative distribustions for West
Coast, East and Gulf Coasts, Foreign, and Total are shown in Figure
42. These data indicate that a substantial, order-of-magnitude, reduc-
tion in the sulfur limit for JP-5 fuel could drastically curtail avail-
ability, unles3 accompanied by incentives for modernization of manufac-
turing techniques.

In previous investigations (1) three fuels were used having
successive, order-of-magnitude, reductions in sulfur concentration,
starting at the JP-5 sulfur limit; i.e., 0.40, 0.010., and<0.C0040 weight
per cent sulfur. These three levels of sulfur concentration span the
range for samples in the survey, with the intermediate level of 0.040
weight per cent at the median value. It was decided that the current
investigation would be conducted using the same three sulfur concen-
trations in fuel.

10.1.2. Base Fuel

The base fuels 6elected for uee in this investigation were
s~gregaued samples of production ASTM Type A aviation-turbine fuel.
The physical and chemical properties of interest to this investigation
are pre3ented in lable 20. The average values of pertinent prnpert."es
from the BL:eau of Mines Product Survey (I) over the period from 1'75-
through 1961, qre Uiso showu for grade JP-5 aviation turbine fue... The
physical dnd chemiical properties of the base fuel closely a~prcxinute
the average for JP-5, with the except ion of its very low sulfur zonton.
The habe fu-!l lsn was analyzed for metal cont-nt, to be certain that.
its lron, vanaaium, nickel, and copper cozntent.s were Lei-iifib~le; i,
preLent, they would con.centrate as Psh and might alter the scale ccm-
iosition on the test specimens exrxsed to the exhiaust gases.

The base fuels are essentially free of sulfur, containiný,
less than c.0V4Qi weight per zent. Two fuels of higher sulfur contents
were produced by blending to C).(4() arid U-.4C per cent by weizht of sulfur
using Aitert.iary buTy• disulfide.
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TABLE 20

PHYSICAL AND CHEMICAL PROPETIES OF TMIT F .U"

Test Fuel Average
SBase (a) Baeb J-

Distillation Temperature, F

Initial Boiling Point 332 326
5 volume per cent evaporated 350 352
10 volume per cent evaporated 355 3r7
20 volume per cent evaporated 366 358 382
30 volume per cent evaporated 376 377
40 volume per cent ezporated 388 388
50 volume per cent evaporated 399 398 413
60 volume per cent evaporated 412 410
70 volume per cent evaporated 477 423
80 volume per cent evaporated 1,43 L3.
90 volume per cent evaporated 462 457 455
95 volume per cent evaporated 476 473
&nd Point 496 493

Gravity, degrees API 45.8 45.9 42.1
Gum, milligrams per 100 mls. 0.6 0.5 1.0
Smoke Point, millimeters 27.0 26.2 23.1
Hydrogen Content, weight per cent 13.8 14.0 13.6

Composition, weight per cent
Sulfur < 0.0040(d) <0.0040(d) 0.10
Metals (e)

Iron < 0.0001 <0.0001
Vanadium < 0.0001 <0.0002
Nickel < 0.0001, <0.0001
Copper 6 x I0-' 38 x 10-7

Hydrocarbon Types
Normal Paraffins 27 (f) 27 (f)
Isoparaffins 23 (f) 231 (f)
Cycloparaffins 36 (f) 36 (f)
Olef ins 0.40 0.33
Aromatics 15.80 13.37 14.3

Notes:

(a) Segregated sample (BJ65-8-G8) of production ASTM Type A aviation
turb..n fuel, processed from West Texas crude and finished by
hydrctreating.

(b) Segregated sample (BJ66-8-G7) of production ASTM Type A aviation
turbine fuel, proceaead from West Texas crude and finished by
hydrotreating.

(d) Higher sulfur content test fuel obtained by blending to desired

sulfur level using ditertiary butyl disulfide.
(e) X-ray fluorescence analysis.
(f) Typical value Tor this product.
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10.2. "Sea Water"

10.2.1. Composition

A synthetic "sea water" was used in this study. Its formula-
tion was t-iken from the Standard Method of Test for Rust-Preventing
Characteristics of Steam-Turbine Oil in the Presence of Water, ASTM
Desigtation D-665-60. The components and their concentrations are
shown in Table 21. "Sea water" and "sea salt" (i.e., in quotes) are
used throughout this report to indicate the synthetic composition shown
in Table 21.

As discussed in Reference 1, the abundance of various ele-
ments in the eynthetic formula compares very favorably with the average
sea water composition. The one exception is silicon, and its exclu-
sion from the synthetic "sea water" seems Justified in the light of
its reported variation in abundance from one wate- -mass to another
by a fa,.tor of 1000, or more.

13.2.2. ingestion Rate

As discussed in Reference 1, establishing a realL ic level
for the concentration of "sea salt" in the air inge3ted by a gas-turbine
engine operating in a marine environment is difficult from available
literature. However, it was concluded that an. ingestion rate of 1.0'
ppm "sea salt" in air was a realistic level. During the first two
quarters under this contract studies were condicted on the effect of
sulfur in fuel on hot corrosion of MiscC f)C-I and Misco M.DC-9 coatings
on Inconel 713C usinw two of the three levels of "sea Salt" in air ^eci
in previous investigations (zero and 1.0 ppm "sea sjit" in air). These
two concentrations of "sea salt" in air were selected for the current
evaluation using uncoated Inconel 7130C.

Exploratory test3 reported in Reference 2 were conducted
with twc levels of sulfur in fuel and 10.'' ppm "sea s"t" in air to
evaluate the effect on hot corrosion of Misco tK)C-l ccteý inconel71 1r These Vw + "I•
1 .1C _s tWo te3s indicated a beneficial •'ffec, of sulfur in fuel

which was not shown in the study conducted during the first quarter
of this contract with zero or 1.0 ppm "sea salt" in air. Three tests
were conducted during the current investigation using three levels Uf
sulfur in fuel and 10.0 ppm "sea salt" in air to evaluate the effect
on hot corrosion of 14isco YBC-I coated Inconel 713".

10.3. Test Specimens

In previous studies (1) one superalloy, Inconcl 7130, was
-valuated in both the bare and coated condition. The coated speci-

mens were essentially immune to attack under the conditions of ex-
posure in our standard 5-hour test. Th!3 coating-superalloy system,
Kisco MDC-I coatea Inconel 713C, was seiected for evaluation under

- 98 -.



Research Division Report 4706-67R
Appendix 3

TABLE 21

CONIOSITION OF ASTM D665 SYNTHETIC "SEA WATER"

Salt (a) Form.la Grams per liter (bj

Sodium Chloride NaCI 24.54
Magnesium Chloride M9Cl 2 .6H 20 11.10
Sodifat Sulfate Na2SO4 4.09
Calcium Chloride CaC12 1.16
Potassium Chloride KCI 0.69
Sodium Bicarbonate NaHCO3 0.20
Potassium Bromide KBr 0.1.0
Boric Acid H3BO3 0.03
Strontium Chloride SrCI2.6H20 0.04
Sodium Fluoride NaF 0.003

TOTAL 41.953

(a) Use cp chemicals.

(b) Use distilled water.
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conditions of extended test duration in the first program under this
contract. A second coating-superalloy system, Misco MDC-9 coated
Inconel. 713C, was selected and evaluated during the second quarterly
period of this contract. With the two coating-superalloy systems it
was determined that an exponential relationship could be established
between loss of weight of the specimens and hours of exposure, and a
rate of hot corrosion calculated. All previous studies which we had
conducted with *'ncoated Inconel 713C were with a fixed test duration
of 5 hours. Tc complete the evaluation of the effect of sulfur in
fuel on hot cor,'osion of these two coating-superalloy systems at the
2000 F test condition it was decided to conduct extended tests on the
uncoated Inconel 713C in the same maner as with the two ccatings. This
study has been completed during the current quarterly period under this
contract.

The Inconel 713C test specimens used in previous studies
were cast from Heat No. HW063 by Misco Precision Coating Company.
This supply was exhausted, and a second batch of specimens from Heat
No. HW072 was obtained for programs under this contract. The chemical
analysis furnished by the supplier for these two heats of Inconel 713C
are shown in Table 22.

The MC-1 and MDC-9 were applied 1v the supplier to test
specimens of Inconel 713C from Heat No. RN-072 for these programs.
These coating-superalloy systems are characterized by the following
descriptions.

MDC-I is an aluminum coating, which was applied by a pack-
diffu3ion process to obtain a total thickness of approxi-
mately 2 mils. It is divided about equally between an outer
layer which contains non-metallic dispersions, and a diffused
zone.

t is a composite coating, rich in aluminum and chromium,
which was applied by a pack-diffu3ion process to obtain a
total thickness of approximately 2 mils. The inner diffused
zone is approximately 45 per ce~it of the total coating
I hickness.

The investment castings of Inconel 713C were finished by
the supplier by grinding to provide specimens having a smooth uniform
surface with a thickness of C.125 + 0.C05 inches, a width of 0.5(X)
± 0.03C Jinches and a length of 2.375 + U0.030 inches. The specimen3
were inspected by -fluorescent penetrant (Zyglo) and X-ray to insure
freedom from cracks, porosity and inclusions.
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TABLE 22

CO MPOSITION OF T*hý(Ai '[13C INVESTMENT CAST TEST oPECIMMS

Heat Number

Alloying Elements RW_3 a) RW072 (b)

F Nickel Balance Balance
(71.4) (72.1)

Cobalt <0.1 <0.1
Chromium 12.75 13.10
Molybdenum 4.49 4.51
T u n g s t en ..• n
Aluminum 6.:40 5.7
Titanium 0.64 0.73
Manganese <0.1
Iron 1.43 0.93
Zirconium 0.082 0.095
Vanadium . .
Silicon 0.16 0.12
Boron 0.009 0.008
Sulfur 0.001 0.004
Carbon 0.15 0.12
Phosphorus ...
Copper < 0.1 <0.1
Cb + Ta 2.44 2.31
Cb ...

(a) Used in previous investigation.

(b) Used in present programs.
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From physical measurements of a random sample of specimens
the average surface area was calculated to be 20.27 square centimeters.
From random samples of Inconel 713C specimons, and HDC-I and MDC-9
coated Inconel 713C 3pOcimens, their average weights were determined
to be:

Secmens.. Average Initial Weight.rg

Inconel 713C (uncoated) 1.9,605
.4 zco MDC-l coated Inconel 713C 19,528
Misco MDC-9 coated Inconel 713C 19,780

I
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ii. APPENDIX
(Test Program)

The objective of experiments under this contract has been
to evaluate the effect of 3ullfur in fuel on hot corrosion of coatings
on Inconel 713C when exposed in a marine environment. Previous tests
(1) hays shown that Misco MDC-I coating on Inconel "13C was ixmnur! to
attack in the standard 5-hour test over a range of temperature:3 and
concentrations of "sea salt" in air and sulfur in fuel. An exploratory
program (2) has shown that test severity could be increased to the point
of coating failure by extending the duration of the tests.

The Phillips Test Facility and the Phillips 2-Inch Combustor
used for these experiments are described in S',ct.Lur, 9.1. and 9.2. of
Appendix 2. The 2000 F test condition was selected from previoLs st'udies
(1i) and is described in Table 23, Preparation of specimens for weighing,
before and after exposure, is described in Section 9.4. of Appenlix 2.
The composition of the fuels used for these experiments are described
in Section lf.l. of Appendix 3, composition of the 6ynthetic "scz water"
in Section 10.2., and composition of tcst spec-4-mns in S~ction lC.3.

During the first two quarterly periods of this contract ex-
perinients were conducted with Misco MDC-l coated Inconel 713C, an ex-
ploretory test was conducted with Misco K..C-7 and Misco MDC-9 coated
Inýonel T73C and on the basis of the exploratory tests experimentE
were conducted with Misco ýMC-9 coated Incornel 713C. During the current
quarterly period of this contract additional experiments were conducted
with Misco MDC-l coated Inconel 713C and with uncoated Inconel 713.
These programs will be discussed in detail in subsequent sections.

IL all tests Lhe, thra stages of the cascade (Figure 37)
were loaded with six new specimens prior to the stnrt. of a test. -The
cyclic test was operated in periods of 5-hours with the fuel nozzlf-,
combustor dome and liner, "sea water" injection tubes and test speci-
mmnn mxamined at the end of each periou. The basic plan for the ex-

periments consisted of removal of one test specimen, wLt'h rplace!me.-t,
at each 5-hour period for the first five pvriodzn te-_n .nr,tinuirnK
the test to 55 hours, or until visual inspection of the specimens indi-
cated heavy attack and the possible loss of a spe-imen with further
exposure to the hot gases.

11.1. Misco MDC-l Coated Inconel 713C

During the first two quarterly period3 of this contract ex-
perimentJ were conducted with Misco MDC-i coated Inconel 713C, using
two levels of "sea salt" in air (zero and 1.0 ppm) Lnd three levels
of sulfur in fuel (<(.OC4, 0.040 and 0.40 weight per cent). Two test
plans were used for thise experiments. The test plan, and tl:e urder of
specimen removal for the first six tests, are shown in Table 24. In
this program "sea water" was injected through a single tube into the
quench zone of the combustor, as in p'-cvioua inv5 tig t1 nn . After
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TAL 23

OPERATING CONDITIONS FOR PHILLIPS 2-1UCH COMBUSTOR

Test Variables Test Conditions

Temperature, deg. F
Nominal Gas 2000
Edhaust Gas (a) 2039
Test Specimen, metal (b) 1970
Test Specimen, surface (c) 207,
Combustor Inlet Air 1000

Pressure, atmospheres
Combustor Inlet Air 15

Mass Flow Rate, pounds per hour
Air 7200
Fuel 120

Air-Fuel Ratio 60

Flow Velocity, feet per second
dt Test Specimen (d) 745

Test Duration, hours (e) Varied

Notes:

(a) Valuts calculated using mean specific heatr (9) 0. 100. per cent.
combustion efficiency. Thnese values are confirmdd by linear
regression with measured temperatures in Appendix I of Reference 1.

(b) Calculated mean value from thermoccuple mosurements of strip
temperature vs calculated gas temperature in Appendix I of
Reference 2.

(c) Calculated mean value from optical pyrometer readings vs calculated
gas temperature shown in Appendix I of Reference 1.

(d) Calculated value bari-,! n- .%-.... rkd area in specimen holder of
1.59 square inches.

(e) Operating cycle was 55 minutes at test conditions followed by 5
minutes with fuel off.
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TABLE 24.

TEST PROGPAM FOR EVALUATION OF DIRABILITM OF

MISCO MDC-I COATED INCONEL 7l3C

Test Plan for Kxposure Variables

Sulfur Sea Salt Order
in Fuel, in Air, of
Wt % PMM •Test

< 0.0040 0 3
< 0.0040 1.0 5

0.040 0 4
0.040 1.0 2

0.40 0 1
0.40 1.0 6

Order of Test Specimen Removal

Tant
Test Time,

Period hr 1 2 6

1 5 (a)
2 10 (a)
3 15 (a)
4 20 (a)
5 25 (a)
? (b)

Notes: (a) Remove test specimen and replace with new test specimen.

(b) Final test duration will be determined by failure of
test specimen in Cascade position Number 1, as indicated
by visual inspection.
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reviewing the data from the six tests, the following modifications in
the test rig and operating technique were made to eliminate possible
sources of experimental error. To assure that "sea water" was uniform-
ly distributed in the hot gas stream, the test rig was revised to pro-
vide for injection of "sea water" by opposed jets into the quench zone
of the combustor. The "sca water" was diluted 50 per cent to maintain
the same flow through the jets. To minimize any effect of position
in the cascade, a system of rotation of the position of specimens was
selected and R revised order of test specimen removal is shown in Table
25. At the completion of each five hour test period, the three specimen
holders in the cascade were rotated, with the holder in Position 1
being moved to Position 3 and the other two holders being advanced one
position. Thus specimens, with at least 15 hours of exposure, were
exposed to conditions in each of the three stages of the cascade.
With these modifications, one additioual test was made at each of the
three concentrations of sulfur in fuel, with 1.0 ppm "sea salt" in
air.

A supplemental program was planned to extend the evaluation
of the effect of sulfur in fuel on hot corrosion of Misco MDC-l coated
Inconel 713C to include 10.0 ppm "sea salt" in air. The test plan,
and the scheduled order of specimen removal, for the supplemental program
are shown in Table 26. Tests were scheduled with the three levels of
sulfur in fuel used, with 1.0 ppm "sea salt" in air; however, after
completing tests at the high and low levels of sulfur with little appar-
ent difference in corrosion, it was decided to conduct a test with 4.0
weight pnr cent sulfur in fuel along with the 10.0 ppm "sea salt" in
RJr to investigate the effect of increasing both the sulfur in fuel and
"sea salt" in air by an order of magnitude. The length of test was
reduced from the original plan because of the increased severity of
corrosion with the presence of 10.0 ppm "sea salt" in air.

11.2. Misco MDC-9 Coated Inconel 713C

The test plan usad for the exposure of Miisco MDC-9 coated
Inconel 713C specimens, to evaluate the effect of fuel sulfur on hot
corrosion of this coated sunpralloy, is shown in Table 27. The order
of test specimen removal is shown 1n TaKLe 25. The test rig used in
this program was modified, as discussed previously, to injact "sea
water" thrnugh two opposed Jets, cud Lhe specimen noiders in the cas-
cade were rotated at five hour intervals througo'out the test.
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TABLE 25

REVISED ORDER OF TEST SPEC.It REKOVAL
(Misco MDC-I Coated Inconel 713C)

Test

Test Time, Test Spc.imen Location
Period Hours 1 2 4 - .3.-

1 5 15 (25) 35 45 55 65

2 10 (310) 41O 510 610 llo 25

3 515 (615) 115 210 35 415

4 20 (1 20) 215 310 4 20 520 65

5 25 315 (425) 525 610 15 22o

6 30 530 615 110 225 320 45
7 35 .15 230 425 1 535 620

4 40 330 415 54O 625 120 235

9 45 545 63 0  125 210 335 420

10 50 130 245 340 425 550 635

11 55 345 430 555 61ýf, 135 250

Notes:

( ) 'nlmove test specimen and replace with new test specimen.
Terminate test when failure of a specimen appears imminent.
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T5BLE 26

SUPPLEMETAL TEST PROGRAM FOR EVALUATION OF DLRABILITY

OF MISCO !DC-I COATED INCChML T3C

Test Plan for Exposure Variables

Sulfur Sea Salt Order
in Fuel, In Air of
Wt % pp.M_ T et,

<0.0040 10.0 1
U. U4U i0.0 3 (a)
0.40 10.0 2

4.0 10.0 3 (b)

(a) Tes scheduled but not conducted because of spAll
dif'ercnces between test 1 and 2.

(b) Test concuctea to provide a comparison with botl fuel
sulfur and "sea salt" " air increased by an order of
magnitude over previous best program.

Scheduled Order of Test Specimen Removal

As -- in Table 25.
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TAKZE 27

TEST PROGRAM FOR EVALU.TION OF DURABILITY

OF MISCO MDC-9 COATED INCONEL 713C

Test Plan for Exposure Variables

Sulfur Be, Salt Order
in Fuel, In Air, of
wt % m Test

< 0.0040 0 5
0.040 0 6
0.40 0 2

< 0.0040 1.0 4
0.040 1.0 3
0.40 1.0 1

Order of Test Specimen Removal

As sho-n in Table 25
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11.3. Inconel 7130

The test plan used to evaluate the effect of fuel sulfur
content on hot corrosion of Inconel 713C 'm a marinie environment is
shown i- Table 28. The order of test specimen removal is shown in
Table 25. The test rig was modified to inject "sea water" through two
opposed Jets, and the specimens were rotated in the cascade at five
hour intervals.
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TABLE 28

TEST PROGRAM FOR EVALUATION OF DURABILITY OF INCONEL 713C

Test Plan for Exposure Variables

Sulfur Sea Salt Order
"In Fuel, in Air, of
-Wt Ppm Test

< 0.0040 0 6
0.040 0 5
0.40 0 2

< 00040 1i0 4
0.040 1.0 3
0.4o0 1.0 1

Order of Test Specimen Removal

As shown in Table 25.
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